




































Navigating Chemical Potential Landscapes for Synthetic Routes to Ternary Nitrides 
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A significant challenge in materials chemistry is to rationally control composition and structure 
of materials to achieve desired properties. Unfortunately, metastability or glacial reaction 
kinetics limits the search for and synthesis of functional materials, particularly when it comes 
to nitride-based materials.  Nitrides tend to be less thermodynamically stable than oxides, 
despite the significant cohesive energy of metal-nitrogen bonds.  This cohesive energy also 
inhibits diffusion within and decomposition of nitrides, suggesting the need for high synthesis 
temperatures. While high synthesis temperatures would also be needed to overcome the 
barrier of N2 dissociation, the entropy of gaseous N2 at high temperatures leads to 
thermodynamic destabilization of nitrides.  Therefore, alternative approaches are required. 
Here, we focus on the synthesis of MgZrN2,1 CaZrN2, and CaHfN2 enabled by navigating the 
chemical potential landscape provided from computational thermodynamics.  In situ 
synchrotron X-ray diffraction provides mechanistic insight into the reaction pathway, thus 
allowing us to systematically revise synthesis reactions to obtain isolable material.  Together, 
these studies illustrate the utility of examining the elemental chemical potentials at reaction 
interfaces to design reaction pathways that lead to the discovery of new materials.   
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Locating novel polyanionic cathode materials for Li-ion batteries in underexplored 
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Low-cost, highly scalable batteries are crucial for grid-storage that underpins the wide-
adoption of sustainable energy. Historically, the discovery of cathodes materials had led to 
significant advances in the field of Li-ion batteries. Coming up with new cathode systems is 
an experimentally challenging task, which can be accelerated by via computational 
searches. Polyanion-based materials, such as LiFePO4, typically have lower theoretical 
capacities than their oxide-based counterparts, yet the richness in charge and geometry 
among different polyanions allows tuning key cathode parameters through structural-
property relationships.  Higher capacities are achievable if multi-electron redox (such as in ε-
VOPO4e) or anionic redox can be incorporated. We have developed procedures for mining 
polyanionic units from databases of inorganic structures, and subsequently evaluating their 
potential as building blocks for cathode materials. The focus on unexplored chemical spaces 
mean traditional database-centric structure prediction approaches are less applicable. 
Instead, ab initio  random structure searching (AIRSS)2–5 is employed to locate the lower 
energy structures in underexplored chemical spaces from only the desired compositions and 
polyanion units as the inputs. Having a comprehensive table of all known polyanions would 
also benefit other field of solid-state materials beyond batteries. 
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Revenge of the .cif: incorporating structural distance metrics into the DiSCoVeR 
algorithm 
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Machine learning already enables the discovery of new materials by providing rapid 
predictions of properties to complement slower calculations and experiments. However, a 
persistent criticism of machine learning enabled materials discovery is that new materials are 
very similar, both chemically and structurally, to previously known materials. This begs the 
question “Can generative machine learning ever learn new chemistries and families of 
materials that differ from those present in the training data?” In this talk, I will describe the 
Descending from Stochastic Clustering Variance Regression (DiSCoVeR) algorithm. In its 
original implementation,1 the DiSCoVeR algorithm utilized the Element Movers Distance 
(ElMD)2 as a powerful new metric of chemical similarity. Using ElMD along with density-aware 
dimensionality reduction, clustering, and a regression model, the DiSCoVeR algorithm could 
steer materials discovery towards novel chemistries. Recently, we have developed several 
new metrics for structural similarity such as SiteNET+Deep InfoMax3 or crystal graph 
distances4 and incorporated these into the DiSCoVeR algorithm allowing researchers to 
prioritize chemical, structural, or combination novelty.  
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High energy nickel (Ni)-rich layered oxide such as LiNiO2 (LNO) cathode materials will play a 
key role in advanced lithium-ion batteries, but it suffers with electro-mechanical degradation, 
parasitic reactions, and gas evolution1. Electro-mechanical degradation is usually seen in 
polycrystalline battery materials which consist of nano-sized primary particles. The anisotropic 
volume change during charge/discharge process leads to the fracture in polycrystalline 
materials and that results dramatically increases particle surface area, aggravating surface-
related degradations including surface phase transformation, transition metal dissolution, 
lattice oxygen release, electrolyte decomposition, rapid impedance growth and capacity 
decay2,3. So, the single-crystalline Ni-rich cathodes have a great potential to address the 
above-mentioned challenges present in its polycrystalline counterpart. We have synthesized 
faceted single crystal LNO materials via flux assisted co-precipitation method. These single-
crystal LNO shown comparable initial discharge capacity and better capacity retention than its 
counter polycrystalline material. Moreover, the Mg-doped single crystal LNO has retained its 
faceted morphology. Crack resistant single-crystal layered oxides discloses an alternate way 
to develop better battery cathode materials, beyond the traditional polycrystalline materials.    

 

Fig. 1 SEM image (a), first charge-discharge profile (b) and capacity retention of single crystal LiNiO2  
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Quantum (S ≤ 1) magnets with frustrated magnetic interactions are predicted to give rise to a 
rich variety of exotic quantum materials properties.1 This includes novel quasiparticle 
excitations that could be manipulated to pave the way to a new form of topologically-protected 
quantum computing.1 However, the complexity of quantum materials often makes 
characterising the exact nature of their exotic properties extremely challenging. For instance, 
in frustrated quantum magnets, the degeneracy of possible magnetic ground states stemming 
from the competition of magnetic interactions means that the experimentally observed 
properties are extremely sensitive to any defects or disorder in the underlying materials 
structure, which can vary from sample to sample depending on the synthesis method used.2,3 
This in turn poses challenges for the development of our theoretical understanding of quantum 
materials, and ultimately limits our current ability to design and synthesise new quantum 
materials with properties tailored towards specific applications.4 

In this talk, I will discuss our recent efforts to explore the synthesis-structure-property 
relationships of the frustrated S = ½ spinel, ZnV2O4. Previous studies of this material—which 
contains a pyrochlore network of antiferromagnetically coupled V3+ ions—reveal that the 
structural and magnetic ground states are sample dependent, ranging from a tetragonally-
distorted classical antiferromagnet to a cubic and highly frustrated spin glass.5-9 I will present 
two samples of ZnV2O4, one prepared via a conventional solid-state synthesis method and the 
other via a novel rapid microwave-assisted route. I will show how these two different synthesis 
routes distinctly impact the evolution of the chemical and magnetic behaviour of ZnV2O4 
through a combination of high-resolution powder neutron and synchrotron X-ray diffraction, 
magnetometry, and X-ray PDF and diffuse neutron scattering measurements. I doing so, I will 
demonstrate the potential for rapid microwave-assisted synthesis as an appealing high-
throughput approach to high-quality inorganic quantum materials discovery.  
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Periodic tilings can store information if individual tiles are decorated to lower their symmetry. 
Truchet tilings—the broad family of space-filling arrangements of such tiles—offer an efficient 
mechanism of visual data storage related to that used in barcodes and QR codes1,2. Here, we 
show that the crystalline metal–organic framework [OZn4][1,3-benzenedicarboxylate]3, or 
TRUMOF-1, is an atomic-scale realisation of a complex three-dimensional Truchet tiling. Its 
crystal structure consists of a periodically arranged assembly of identical zinc-containing 
clusters connected uniformly in a well-defined but disordered fashion to give a topologically 
aperiodic microporous network (Fig. 1). We suggest that this unusual structure emerges as a 
consequence of geometric frustration in the chemical building units from which it is assembled.  

 

Figure 1. Crystal structure of TRUMOF-1: a) Representation of the average structure of 
TRUMOF-1 with OZn4-centred polyhedra shown as red cuboctahedra and trigonally-
symmetric ligand sites shown as grey triangles, with breakdown of local configurations of the 
average metal cluster and linker site. b) The Truchet tiles used in our mapping, which 
correspond to (top–bottom) the pseudo-octahedral inorganic cluster orientations, the 1,3-bdc 
linker orientations, and the positions of ligand vacancies.  c) One possible 1 x 1 x 1 
approximant of the TRUMOF-1 structure with atom coordinates and cell geometry optimised 
using DFT. 
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All Solid-State Batteries are of considerable interest since they have potential for increased 
battery safety and energy density.1 Sulphide argyrodite materials demonstrate superionic 
conductivity but they suffer from stability issues that could be addressed by oxide argyrodites.2 
Despite this, very few oxide argyrodites have been reported due to their low ionic 
conductivities (10-9 S cm-1).3 

We present the discovery of a new oxide argyrodite in the Li-Si-P-O-Cl phase field which 
exhibits an ionic conductivity of 1.82(1) × 10-6 S cm-1, an increase of three orders of magnitude 
compared to existing oxide argyrodites (Figure 1a). The enhanced transport properties result 
from the stabilisation of Li site disorder to room temperature as well as the occupancy of 
additional interstitial Li sites (T5/T5a/T4/T3) (Figure 1b). This gives rise to a unique Li 
sublattice which we characterise via X-ray diffraction. The material exhibits increased air 
stability compared to sulphide analogues.  

The ability to enhance ionic conductivity through control at the structural and compositional 
level highlights the advances that can be made in the largely unexplored field of oxide 
argyrodites. 

 

Figure 1: a) Room temperature ionic conductivity as a function of x in Li6+xP1-xSixO5Cl; b) Highlighting 
the effect of additional Li sites (T5/T5a/T4/T3) and disorder on the ionic conductivity in Li6+xP1-xSixO5Cl  
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Evidence for a disorder-induced spin liquid in the tuneable spin ladder-chain system 
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Exotic quantum states can emerge in magnetic materials with S = 1/2 quantum spins and low-
dimensional interactions. An important class of such materials are spin liquids: materials that 
do not magnetically order or freeze even at absolute zero.1 Spin liquids have unusual magnetic 
excitations that could be used as the building blocks of next-generation quantum computers. 
The ideal spin liquid candidate has been seen as structurally perfectly ordered. However, 
recent theoretical and experimental studies show that structural disorder can stabilise a spin 
liquid phase in some systems. The double perovskite Sr2CuTe1-xWxO6 with a square lattice of 
Cu2+ (S = 1/2) cations is a leading candidate for a disorder-induced spin liquid.2 Replacing the 
d10 Te6+ cation with a d0 W6+ cation enables the tuning of magnetic interactions due to an 
orbital hybridization effect. 

Here we use the same d10/d0 approach to tune magnetism in the hexagonal perovskite system 
Ba2CuTe1-xWxO6. The crystal structure consists of corner-sharing perovskite-type layers and 
face-sharing CuO6-TeO6-CuO6 trimers. Importantly, the Cu2+ cations in the perovskite-layer 
form a spin ladder. Our neutron and synchrotron X-ray diffraction data show that W6+ is almost 
exclusively doped into the perovskite-layer.3 This allows for direct tuning of magnetic 
interactions in a spin ladder for the first time. Magnetic susceptibility fitting and density 
functional theory calculations show that Ba2CuTe1-xWxO6 changes from a spin ladder to a zig-
zag spin chain with increasing x. Muon spectroscopy reveals the complete suppression of 
magnetic order upon doping supporting a spin liquid state. Inelastic neutron scattering 
experiments rule out a gapped spin singlet state. 

 
Figure 1. (a) The spin ladder in Ba2CuTe1-xWxO6 is formed by the Cu2+ (S = 1/2) cations in green. Of 
the two Te-sites in blue, W is almost exclusively doped onto the corner-sharing B’’(c) site. This allows 
direct tuning of interactions in the spin ladder. (b) Muon spectroscopy data revealing significant 
differences between the x = 0, 0.05 and 0.1 samples. The parent phase x = 0 is magnetically ordered, 
whereas the doped samples do not order. The x = 0.05 sample behaves like a spin liquid. 
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A prerequisite for the realization of solid-state batteries is the development of highly conductive 
solid electrolytes. Li3PS4 is the archetypal member of the highly promising thiophosphate 
family of Li-ion conductors. Despite a multitude of investigations into this material, the 
underlying atomic-scale features governing the roles of and the relationships between cation 
and anion dynamics, in its various temperature-dependent phases, are yet to be fully resolved. 
On this basis, we provide a comprehensive molecular dynamics study to probe the 
fundamental mechanisms underpinning fast Li-ion diffusion in this important solid electrolyte 
material. We first determine the Li-ion diffusion coefficients and corresponding activation 
energies in the temperature-dependent γ-, β- and α-phases of Li3PS4 and relate them to the 
structural and chemical characteristics of each polymorph. The roles that both cation 
correlation and anion libration play in enhancing the Li-ion dynamics in Li3PS4 are then isolated 
and revealed. For γ- and β-Li3PS4, our simulations confirm that interatomic Li–Li separation is 
pivotal in determining (and restricting) their Li-ion diffusion. For α-Li3PS4, we quantify the 
significant role of Li–Li correlation and anion dynamics in dominating Li-ion transport in this 
polymorph for the first time. The fundamental understanding and analysis presented is 
expected to be highly applicable to other solid electrolytes where the interplay between cation 
and anion dynamics is crucial to enhancing ion transport.   
 

 

 

Figure 1. Schematic depicting the main structural and dynamic properties responsible for 
the different magnitudes of Li-ion transport in γ-, β- and α-Li3PS4. 
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Thermoelectrics is attractive as a green and sustainable way for harnessing waste heat 
and cooling applications. Designing high performance thermoelectrics involves navigating the 
complex interplay between electronic and heat transports. This fundamentally involves 
understanding the scattering physics of both electrons and phonons, as well as maximizing 
symmetry-breaking in entropy and electronic transports. In the last two decades, 
thermoelectrics have progressed in leaps and bounds thanks to parallel advancements in 
scientific technologies and physical understandings. Figure of merit zT of 2 and above have 
been consistently reported in various materials, especially Chalcogenides.

 In this talk, a broad picture of physically driven optimization strategies for 
thermoelectric materials will be discussed, with emphasis on electronic transport aspect of 
inorganic materials.1 In addition, the effect of nanostructuring and low dimensional materials 
as independent tuning knob to enhance thermoelectric properties will be emphasized. 
Furthermore, various newly coined metrics such as quality factors, electronics quality factor, 
electronic fitness function, weighted mobility, and Fermi surface complexity factor. More 
importantly, the non-trivial interdependencies between various physical parameters even at a 
very fundamental level will be elaborated.1  

With the physical understanding in mind, we discuss the outlook for the device oriented 
research as well as commercial applications in thermoelectrics. Specific example on 
recycling/upcycling silicon from solar cells into thermoelectrics will be presented.2 The intuition 
derived from this talk will be useful for understanding the thermal and electronic transports in 
inorganic materials.  
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 Steric Engineering of point defects in lead halide perovskites 
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Organic-inorganic lead halide perovskites (OLHPs) have attracted wide interest for their 
application in optoelectronics. Single junction halide perovskite solar cells now exceed 25% 
power conversion efficiency,1 with the most stable and efficient devices employing mixed 
organic (methylammonium, MA and formamidinium, FA) or inorganic (Cs, Rb) cations on the 
A-site of the ABX3 perovskite structure. A-site cation engineering is primarily used to improve 
thermal and chemical stability;2 the impact of A-site mixing on defect activity is not fully 
understood.3  

The A-site cation indirectly determines various optoelectronic, transport and defect properties 
via an influence on the symmetry and dynamic response of the crystal lattice. Although defect 
formation and activity is sensitive to the exact system under consideration, the common 
observation across OLHPs is that halide ions form abundant, mobile point defects which are 
active in carrier trapping and recombination.4,5 Furthermore, the bonding in OLHPs is relatively 
weak, leading to an easily distorted (‘soft’) lattice and large lattice relaxation after carrier 
capture at a defect site.6,7 

Large lattice relaxation is not commonly observed in all-inorganic photovoltaic materials. It is 
more akin to what occurs in organic semiconductors,8 where steric engineering through the 
incorporation of bulky ligands is used to restrict the vibrational modes associated with lattice 
relaxation after electronic excitation.8,9 In this talk I will propose that a similar approach can be 
used to rationalise the design of defect-tolerant OLHPs. I will present results from first-
principles calculations combined with interpolation techniques adapted from the field of 
molecular materials, and symmetry mode analysis. First I will show that cation mixing in MA1-

xCsxPbI3 can be used to adjust the non-radiative carrier capture rate at the iodine interstitial 
by seven orders of magnitude. I will also use this example to demonstrate that defect activity 
can be tuned by controlling phase formation through the steric size of the molecular cations. 
This enables defect properties to be tailored through steric engineering, without altering the 
metal–halide chemistry that is beneficial for photovoltaic performance. 

I will discuss and highlight the interplay between halide perovskite composition, structural 
dynamics and defect physics, and I expect this approach to be transferable to other systems 
where there is large lattice relaxation – for instance, perovskite analogues or metal-organic 
frameworks. 
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The size of crystalline phases usually has an inverse relationship with increasing hydrostatic 
pressure as thermodynamically, the overall cell volume must decrease to minimise the 
increase in Gibbs free energy. Some materials, however, exhibit negative linear 
compressibility (NLC) along one or two axis at the expense of a larger contraction under 
pressure in other dimensions.  Framework materials consist of metal nodes bridged by organic 
linkers and form a wide range of topologies with flexible mechanical properties, leading to 
more than 20 examples exhibiting NLC behaviour.1,2 Other frameworks with short linkers exist 
that lack  substantial porosity but have large enough voids to incorporate organic cations,  
generating systems that can adopt analogues of the ABX3 inorganic perovskites. Such hybrid 
perovskites have been predicted to exhibit NLC but, to date, no hybrid perovskites have been 
found to have NLC experimentally.3,4 A small family of hybrid perovskites, [A]Er(HCO2)2(C2O4) 
where [A]+ = [C(NH2)3]+ and [C(NH2)3]+ has recently been synthesised and reported, which 
feature monovalent and divalent organic linkers.5,6 Variable temperature diffraction 
experiments found these phases crystalise in the orthorhombic and monoclinic systems and 
exhibit negative thermal expansion. A recent variable pressure experiment on this family of 
frameworks found that [C(NH2)3]Er(HCO2)2(C2O4) exhibited NLC behaviour, the first hybrid 
perovskite material to do so arising from similar hinging of the wine-rack-like framework 
structure. 

Figure 2. Highlighting the structural changes of [C(NH2)3]Er(HCO2)2(C2O4) under applied hydrostatic pressure.  
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Halide perovskites have garnered significant attention as materials for use in solar cell and 
lighting applications, and over the last decade, device efficiencies of halide-perovskite based 
solar cells have risen from 14.1% (2013)[1] to 25.7% (2022)[2]. However, much of this 
improvement has been the result of empirical optimisation of fabrication procedures and our 
understanding of the light absorbing halide perovskite materials lags behind. It has become 
evident that strain plays an important role in determining device efficiency and long-term 
stability,[3] but the precise mechanism by which strain affects the materials’ optoelectronic 
properties remains unclear. 

In this talk, I will present our recent work investigating the internal structure of the archetypical 
MAPbBr3 halide perovskite (MA = CH3NH3) using Bragg coherent diffraction imaging 
measurements[4] carried out at the Diamond Light Source, UK. This technique allows us to 
view the atomic displacement fields within our MAPbBr3 material in the form of real space 
crystal reconstructions (Fig. 1a) which we are able to use to identify 100  and 110  edge 
dislocations in MAPbBr3 (Fig. 1b). Further, by using in situ measurements we also discover 
that these dislocations become significantly more mobile under illumination with visible light. 
Solar cells (obviously) must be illuminated during operation, therefore, this light-induced 
dislocation migration gives us an insight into the buried nanoscale changes occurring in halide 
perovskite materials during device operation. Further, we intentionally study a subset of 
crystals that degrade under exposure to the X-ray beam, and by combining the coherent 
diffraction imaging data with photoluminescence microscopy, we discover that dislocation 
formation is a key step in material (and therefore device) degradation. 

 

Fig. 1: a Example electron density reconstruction of a MAPbBr3 microcrystal (left), with slices 
through the 3D volume indicated by the numbered grey planes (middle and right). The colour 
scale indicates the size of the atomic displacement along the X-ray scattering vector direction. 
b Schematic representation of an edge dislocation. The atoms in purple belong to an extra 
atomic plane in the top three rows of the structure. The region in pink highlights the highly 
strained region in the vicinity of the dislocation and the green arrow is the Burgers vector, . 
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Transient Absorption Spectroscopy (TAS) is a powerful method to characterise the 
photophysical response of materials, and has proven indispensable when extracting excited 
state properties in many molecular systems [1]. However, despite the clear-cut advantages 
this can provide for solar and energy materials, use of TAS in these systems has been limited 
by inefficiencies in isolating pristine bulk crystals, as well as difficulties in interpreting spectral 
features in more complex systems, especially upon comparing extrinsic and intrinsic effects.  
To combat these problems, we have developed PyTASER (https://github.com/WMD-
group/PyTASER), a Python-based library and set of command-line tools to simulate TAS 
spectral features from electronic band structures of pristine bulk materials. Herein, we seek to 
provide a quick and accurate comparison for experimental spectroscopists to better analyse 
spectral differences between their materials and the theoretical outputs. Additionally, we hope 
to provide a concrete link between first-principles calculations and physical observations.  
The theoretical basis of PyTASER relies on identifying the Joint Density of States (JDOS) for 
the “dark” ground state and “light” excited state absorption profiles. JDOS defines the density 
of allowed vertical transitions between occupied and unoccupied electronic bands within the 
system, and thus gives an accurate absorption profile for direct bandgap systems. Upon 
comparing the dark and light JDOS values across an energy mesh, we can compute the 
difference to find the overall transient absorption profile for the system.  
While the use of JDOS is fairly trivial for the ‘dark’ probe system (as shown in use in similar 
packages, e.g. AbiPy [2]), the difficulty lies in the modelling of partial occupancies as expected 
in the “light” system. To account for this, we modelled band electronic occupancies using the 
Fermi-Dirac distribution, varying the system 
temperature and the carrier concentration 
as an analogy to the time-delay between 
the pump and probe lasers in real-life TAS.  
 On top of effectively modelling the overall 
transient absorption profile, the nature of 
the package allowed extraction of individual 
band contributions towards the overall 
spectra. An example is shown in Figure 1, 
where the overall spectrum is shown in 
black, while individual band transitions 
(orange, purple, red) can be clearly 
assigned to different spectral features.  
This feature is not possible to extract in 
experimental TAS setups without 
considerable analysis and offers a 
possibility to drastically accelerate analysis 
of materials TAS experiments.  
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Figure 1: A PyTASER-generated TAS spectrum calculated for GaAs under the 
conditions of 298 K and a carrier concentration of n = 1021 cm-3. The 

bandstructure data is extracted from the Materials Project Database [3] and the 
post-processing is done using PyMatGen [4] tools. 
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Solid-state batteries have become a promising alternative to the conventional Li-ion battery 
as an energy source. However, challenges of Li dendritic growth are still much of a hinderance 
to the large scale adoption of this technology.1 Forming at critical current densities far below 
current commercialisation targets Li metal dendrites are proving to be an obstacle to the wide 
scale implementation of the technology.2,3 One source of formation and propagation of Li 
dendrites has been identified by researchers as high electronic conductivity in solid 
electrolytes.4 

We have elected to introduce transition metals into the Li6.4La3Zr1.4Ta0.6O12 garnet systems to 
induce a change in electronic conduction. Changing the electronic conduction through the 
solid electrolyte allowed for controlled investigation into electrochemical properties and Li 
dendrite formation behaviour. Powder X-ray diffraction (PXRD) analysis was performed on 
Garnet Li6.4La3Ta0.6Zr1.4-xMnxO12 (x = 0.035, 0.05, 0.07, 0.105) following synthesis, here the 
formation of a composite structure was observed, the target cubic phase  was 
synthesised along with the presence of a perovskite-related n = 1 Ruddlesden-Popper 
secondary phase La3LiMnO7. PXRD analysis following pelleting via plasma spark sintering 
found the predominant garnet phase to have been retained whilst the secondary phase was 
observed to undergo a phase transformation to n = 2 La4LiMnO8. Initial AC impedance and 
DC polarisation, undertaken to investigate the effect of the secondary phase on the 
electrochemical properties of the compound, revealed minor changes in electronic and ionic 
conductivity up x = 0.07. To further understand the role of Li metal in contact, and during 
cycling with the solid electrolyte, AC impedance and galvanostatic cycling were performed. 
Results revealed increasing amounts secondary phase reduced resistance in contact with Li, 
subsequently leading to an increase in critical current density (CCD). A natural solubility limit 
however appears to be reached at x = 0.07, whereupon the secondary phase counteracts the 
interfacial resistance, thereby reducing the CCD. This work provides an intriguing insight into 
the role of secondary phases within solid electrolytes, with different electrochemical properties 
they appear, even at low levels, to affect the electrochemical attributes of the whole system. 
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CeO2/ZrO2 solid solutions are the most commonly used oxygen storage materials for catalytic 
converters.1 This is due to a number of factors, including the relative ease of the conversion 
between the CeO2 and Ce2O3 redox pair; the thermal stability of the material; and the high 
lattice oxide mobility of the structure. 

Due to the need to meet the ever-increasing demands of vehicle emission regulations, new 
materials are being studied to see if they can outperform the current industry standards. Our 
work has involved the hydrothermal synthesis of CeGeO4, a scheelite structured material2 that 
is capable of reduction to Ce2Ge2O7 and then reoxidation under mild conditions. These 
materials have been studied using X-ray and neutron diffraction experiments, with Rietveld 
analysis of average structure, TEM and EDX imaging, and reduction experiments such as 
TPR (temperature programmed reduction). 

Three different cerium germanates have been observed and characterised. We have also 
developed solid solutions of CeGeO4 with another scheelite material3, CaWO4, to see if that 
can improve the oxygen storage properties. 

Figure 3 - The unit cells of three cerium germanate materials and the heat and atmospheric 
conditions needed to convert between them. 
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All-solid-state batteries are a promising route toward delivering improvements to both the 
performance and safety characteristics necessary for next-generation battery cells. One class 
of potential solid electrolyte materials are lithium thioborates, such as Li3BS3 and Li6B7S13X (X 
= Cl, Br, I), owing to their high conductivities in concert with favourable decomposition 
products, widening the electrochemical window across high-performance interphases. We 
present some of the current challenges facing solid electrolyte incorporation into battery cells 
and this favourable-decomposition approach, with our current and future research toward 
optimising thioborate properties. 



  



A potential thermoelectric material: zinc-based oxysulfide SrZn2S2O 

Shipeng Bia,b, Katarina Brleca,b, David O. Scanlona,b 
a Department of Chemistry, University College London, 20 Gordon Street, London WC1H 

0AJ, United Kingdom 
b Thomas Young Centre, University College London, Gower Street, London WC1E 6BT, 

United Kingdom 

 

In the process of primary energy consumption, a large amount of waste heat is generated. 
Thermoelectric materials can convert waste heat energy into electric energy, which is crucial 
to solving the current energy crisis and global warming. In general, the performance of 
thermoelectric materials can be determined by the dimensionless figure of merit, ZT, that 
evaluates electronic and thermal properties. However, it is difficult to maximize ZT due to the 
interaction between different parameters. Although some high ZT thermoelectric materials 
such as bismuth chalcogenide and lead telluride have been found, they have not been widely 
used because they contain rare or toxic elements. 

Recently, SrZn2S2O was proposed as a novel photocatalyst for water splitting applications.1 

Because of its relatively high melting point, combined with the low toxicity and easy synthesis 
property of oxides, we think that SrZn2S2O may be a potential thermoelectric material. Using 
density functional theory (DFT), we first studied the phononic stability of SrZn2S2O. Then 
based on the SrZn2S2O electronic structure calculated with hybrid-DFT, electronic transport 
properties were calculated using AMSET2. Our ultimate goal is to calculate ZT and 
characterize SrZn2S2O as a thermoelectric material. 
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In recent years polyanionic materials have been explored for use as Li-ion battery electrodes 
due to their tunability and large electrochemical stability window. The area of sulfate-based Li-
ion solid state electrolytes (SSEs) has not received attention despite other types of oxides and 
polyanionic materials being studied heavily: Li3xLa(2/3)−x��(1/3)−2xTiO3, Li1+xAlxTi2-x(PO4)3, 
Li14ZnGe4O16.1 Advantages of sulfate-based Li-ion SSEs are the degree of tunability, stability 
and ease of synthesis.  
 
Li2Mg2S3O12 was first reported by Touboul et al. and it consists of a Sc2(WO4)3-type framework. 
The Sc2(WO4)3 structure type is closely related to the NASICON structure but differs in the 
stacking of octahedral and tetrahedral units. The Sc2(WO4)3-type similarly contains cavities 
which hold Li-ions.2 In this work, we investigate increasing the phosphorus content in 
Li2+xMg2S3-xPxO12 to increase the Li-ion content.  We have used several techniques to 
characterise Li2+xMg2S3-xPxO12 including powder X-ray diffraction (PXRD), powder neutron 
diffraction (PND), electron microscopy and electrochemical impedance spectroscopy. As P5+ 
and S6+ are isoelectronic, it is not possible to probe P/S substitution using PXRD, so PND was 
used. Combined refinements using PXRD and PND data have been used to identify new Li-
sites and to calculate how Li-Li distances change upon P-doping. Using the software softBV, 
we calculate the bond valence energy landscapes to probe the Li-migration pathways in our 
samples (Li2+xMg2S3-xPxO12 (x = 0-0.3)).3 Electrochemical impedance spectroscopy shows an 
increase in lithium-ion conductivity of 2 orders of magnitude for the doped material (2.4x10-3 
S cm-1 at 400 °C). 
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Although solar cells are widely commercialised, the current dominant technology based on 
crystalline silicon suffers from the indirect bandgap of silicon. This dictates that such modules 
are comparably heavy, thick and inflexible. Substitutes, such as CdTe, Cu(Ga,In)S2 or lead 
halide perovskites, on the other hand, contain very scarce elements – such as Te & In – or 
very toxic elements – such as Cd & Pb, which would prevent their large-scale use. Therefore, 
finding alternative semiconductor materials with suitable properties and their thorough 
characterisation remains a task of uttermost importance for the widespread use of renewable 
energies. 

One of those alternatives are ternary nitride materials in wurtzite-derived crystal structures. In 
a way, they can be rationalised as (In,Ga)N derived compounds, in which the trivalent cations 
are replaced through heterovalent substitutions with divalent and tetravalent cations. We have 
focussed our attention to the exemplary system ZnGeN2, which we access through 
ammonolysis reaction of Zn2GeO4 precursor materials1 and for which we uncovered the 
chemical reaction mechanism, facilitating the targeted synthesis of oxide nitride materials with 
a defined composition.2 

The increased structural and chemical complexity of such ternary nitrides, expresses in the 
crystallisation of ZnGeN2 in the orthorhombic ß-NaFeO2-type, a low symmetry subgroup of the 
wurtzite-type crystal structure.3 This does, however, also open the pathway for a bandgap 
tuning mechanism through disorder of the cations over the two crystallographic cation sites,4 
which is unique for such ternary compounds. Using a combination of in-depth chemical 
knowledge, X-ray and neutron powder diffraction, we can show that this intrinsic disorder 
mechanism exists and is independent of the oxygen content of the material, although oxygen 
also influences the bandgap of the material in a similar manner.5 
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One of the many pathways to decreasing the impact of climate change is to increase the 
efficiency of current fossil fuel based systems. Even the best internal combustion engines 
suffer from thermal losses where up to 70% of energy is lost as exhaust heat. These losses 
can be offset to an extent by thermoelectric devices which convert waste heat into useful 
electrical energy via the Seebeck effect. The efficiency of thermoelectric materials is typically 
evaluated using the figure of merit (ZT), with some of the best performing materials reaching 
ZTs greater than 2.1 However, current state-of-the-art thermoelectric materials often contain 
rare or toxic materials, making them commercially unappealing. 

Y2Ti2O5S2 has been experimentally and computationally studied as a potential battery anode 
and photocatalyst for water-splitting.2-4 Our recent work shows the intrinsically n-type 
Y2Ti2O5S2 is also a promising high temperature thermoelectric, with ZT exceeding 1 above 850 
K at charge carrier concentrations of 1019–1020 cm-3.5 Using hybrid density functional theory 
we investigate the intrinsic defect chemistry to determine the doping potential. Select n-type 
extrinsic dopants were considered to establish whether the charge carrier concentrations 
required for high ZT are indeed achievable.  
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Spin-orbit coupling is a quantum effect that gives rise to exotic electronic and magnetic states 
in the compounds of the 4d and 5d transition metals. However, these exotic states have an 
extremely sensitive dependence on the structure, composition and bonding – the chemistry – 
of the host materials (Figure 1). Great care in their synthesis and characterisation is therefore 
required if structure-property relationships are to be correctly determined. With many topical 
quantum materials also being of interest in electrochemical and catalysis research, the 
contributions of solid-state chemists to developing understanding and making cross-
disciplinary connections is vital.1 

I will illustrate this challenge through our attempts to unravel the ‘true’ behaviour of the 
hexagonal perovskites BaIrO3 and Ba4Ir3O10. The physical properties reported in previous 
studies of each these materials are wildly inconsistent – for example, Ba4Ir3O10 has recently 
been suggested to have an antiferromagnetic or a quantum spin-liquid ground state, despite 
the measured crystals being structurally-similar in each case.2,3 Through an exploration of 
different synthesis methods, chemical and physical characterisation, and high-resolution 
neutron diffraction, we are identifying the subtle perturbations in the chemistry of these 
enigmatic materials that explains the extreme sensitivity of their properties. 

 

Figure 1: Solid-state chemistry is essential for the understanding of quantum materials 
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One-dimensional motifs are common in the solid state, from magnetic1 and ferroelectric order2 
to charge density waves (CDWs).3 Such systems exhibit unique behaviour resulting from low-
dimensionality and weak interactions between motifs. A useful signature for the 
characterisation and parameterisation of quasi-one-dimensional (q-1D) materials is found in 
their heat capacity: a broad peak at higher temperature associated with order along the chain, 
is separated from a sharp, low temperature feature associated with final three-dimensional 
order.2 However, many quasi-one-dimensional systems contain defects, either intentionally or 
accidentally; we show here that the heat-capacity signature of q-1D systems is very sensitive 
to the inclusion of small concentrations of nonmagnetic defects (dilution). This sensitivity is 
due to the unique property of 1D motifs: even a small number of defects segments the chains. 
A combination of Monte Carlo and mean field theory are used to identify several 
thermodynamic signatures of this chain breaking.  

Turning to the experimental solid solution Tb1-xYx(HCOO)3, the x = 0, 0.05, 0.1, 0.2 and 0.4 
members of the series were synthesised, characterised and heat capacity was measured 
down to T = 0.3 K. The Hamiltonian of the x = 0 member shows in-chain interactions a two 
orders of magnitude stronger than interchain interactions4 and is applied here to Monte Carlo 
simulations across the series. The results, shown in Figure 1, compare well between 
experiment and theory, which suggests that even at the lowest experimental temperature, 
disorder is expected due to chain segmentation. Although studied here in a magnetic context, 
these findings have potential applications in studying q-1D ferroelectrics, CDWs, and to tuning 
caloric effects. 

 

Figure 1: A comparison of (a) experimental heat capacity to (b) the results of a Monte Carlo 
simulation for the solid solution Tb1-xYx(HCOO)3 (the value of x is indicated by colour), 
comparing both to an empirical fit. The gradual suppression of the high temperature feature 
and growth of a feature at low temperature with increasing x are presented as signatures of 
chain segmentation. 
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The battery market has grown tremendously over the past decades and continues to expand 
rapidly. The rapid growth of the lithium-based energy storage market requires high capacity 
and high voltage cathode materials.1, 2 Promising cathode materials must be able to accept 
and release lithium ions reversibly and quickly. Compared to traditional cathode materials, 
improvements are needed to extend the accessible capacity and cyclability during the 
development of advanced cathode materials for lithium ion batteries.  

 
Figure 1: a) Structure of Li1.25Ni0.625Mn1.125O3F spinel with different sites labelled by type b) Galvanostatic 
charge/discharge profiles for 8th cycles of the cells tested with different cut-off potential ranges at a current density 
of 10 mA g-1 
By taking the advantage of structural similarity of two spinel compounds LiNi0.5Mn1.5O4 and 
Li2NiF4, a new oxyfluoride spinel Li1.25Ni0.625Mn1.125O3F (Fd m) was successfully synthesised. 
This spinel crystal structure with significant cation disorder (Figure 1a) was solved by 
combined refinement of X-ray and neutron diffraction data, and further characterised by 
electron microscopy and elemental analysis. Li1.25Ni0.625Mn1.125O3F utilizes redox reactions of 
both Ni and Mn, accessing capacities of 225 (i.e., 1.46 Li+ capacity) and 285 mAh g-1 (i.e., 1.85 
Li+ capacity) at 25 °C and 40 °C, respectively, through intercalation of additional Li+ into the 
lattice. Figure 1b shows the charge/discharge profiles at 8th cycles measured at 10 mA g-1 and 
various cut-off potential ranges (25°C).   
Ex situ compositional, structural and spectroscopic analysis of samples at different states of 
charge/discharge confirm a single-phase intercalation reaction and high structural integrity 
over cycling. Compared to lithium transition metal disordered rocksalt3, 4 or spinel-like 
oxyfluorides5 previously reported, Li1.25Ni0.625Mn1.125O3F shows significantly improved cycling 
stability. The increased fluorine content enables further incorporation of the formally lower 
charged Ni2+, reflecting the opportunities to control site occupancies and oxidation states via 
the charge on the anion sublattice new oxyfluoride cathodes.  
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The Li-Ni-O phase diagram contains several electrochemically active ternary phases. 
Most compositions and structures of those ternary phases have very specific growth 
environments, meaning that they can easily be altered by (electro-)chemical 
processes, yielding many more (meta-)stable structures with interesting properties.1,2 
In this study, we use ab initio random structure searching (AIRSS) to explore the 
chemical space containing Li, Ni and O to accelerate materials discovery.3 We find 
that AIRSS can efficiently explore structures (e.g. LiNiO2) displaying dynamic Jahn-
Teller effects. A thermodynamically stable Li2Ni2O3 phase which reduces the 
thermodynamic stability window of LiNiO2 was discovered. AIRSS also encountered 
many other dynamically stable structures. Therefore, we confirm the presence of 
metastable Li-Ni-O phases by revealing their structures and properties. This would 
allow Li-Ni-O phases to be more easily identified in future experiments and help to 
combat the challenges in synthesizing Li-Ni-O phases.  
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Potassium-ion batteries (KIBs) are receiving increasing attention as a complementary 
and alternative technology to lithium-ion batteries. As potassium ions insert/deinsert 
into electrodes during battery cycling, they cause excessive volume expansion, 
damaging the electrodes, which greatly reduces the lifetime of the batteries.  Many 
liquid electrolytes are flammable, which makes it desirable to replace them with solid 
state electrolytes.  Polymer electrolytes are less brittle than inorganic solid state 
electrolytes and can accommodate changes in volume of electrode materials upon 
cycling. However, there is a need for negative electrode materials which are 
compatible with polymer electrolytes, which in turn will improve the performance and 
safety of potassium ion batteries. 

In previous work carried out at KIT, a polymer solid electrolyte with PEO and KTFSI 
was been developed and tested in a potassium metal half-cell by using a Prussian 
Blue positive electrode.1 Due to the danger of using potassium metal, safer negative 
electrodes are required to replace the reference electrode, potassium metal, in KIB 
studies.  Titanium-based materials are one of the most studied anodes for KIBs. As 
reported in recent studies, K2Ti4O9 can reach a discharge capacity of 80 mAh g-1 at a 
rate of 0.8C with liquid KPF6-based electrolyte.2 Materials like Li4Ti5O12 and Na2Ti3O7 
have also been studied as anodes in Li-ion and Na-ion batteries, which suggests 
potassium titanium oxide and its analogues could be suitable for KIB negative 
electrodes.3  

Studies on K2Ti4O9, KTiOPO4, and KTi2(PO4)3 have been carried out. These negative 
materials have not been studied in all-solid state KIBs. The synthesis of these 
materials have been carried out using solid-state and hydrothermal methods. 
Fundamental characterizations, including PXRD, SEM, and EDX, have been used to 
check the crystal structure, phase purity, morphology, and atomic structure of the 
samples. These materials have also been cycled in potassium half-cells with different 
conventional and PEO-KTFSI polymer solid electrolytes. Based on cycling results 
obtained so far, K2Ti4O9 shows a good discharge capacity in both conventional and 
polymer solid electrolytes.  
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High temperature (448K) and room temperature (298K) structures of Li7Zn0.5SiS6 

A tetragonal argyrodite with >7 mobile cations, Li7Zn0.5SiS6, is experimentally realized 
for the first time through solid state synthesis and exploration of the Li-Zn-Si-S phase 
diagram. The crystal structure of Li7Zn0.5SiS6 was solved ab initio from high-resolution 
X-ray and neutron powder diffraction data and supported by solid-state NMR. 
Li7Zn0.5SiS6 adopts a tetragonal I  structure at room temperature with ordered Li and 
Zn positions and undergoes a transition above 411.1(5) K to a higher symmetry 
disordered F 3m structure more typical of Li-containing argyrodites. Simultaneous 
occupation of four types of Li site (T5, T5a, T2, T4) at high temperature and five types 
of site (T5, T2, T4, T1, and a new trigonal planar T2a position) at room temperature is 
observed. This combination of sites forms interconnected Li pathways driven by the 
incorporation of Zn2+ into the Li sublattice and enables a range of possible jump 
processes. Zn2+ occupies the 48h T5 site in the high-temperature F 3m structure, and 
a unique ordering pattern emerges in which only a subset of these T5 sites are 
occupied at room temperature in I  Li7Zn0.5SiS6. The ionic conductivity, examined via 
AC impedance spectroscopy and VT-NMR, is 1.0(2) × 10–7 S cm–1 at room 
temperature and is 4.3(4) × 10–4 S cm–1at 503 K. The transition between the ordered 
I  and disordered F 3m structures is associated with a dramatic decrease in activation 
energy to 0.34(1) eV above 411 K. The incorporation of a small amount of Zn2+ 
exercises dramatic control of Li order in Li7Zn0.5SiS6 yielding a previously unseen 
distribution of Li sites, expanding our understanding of structure-property relationships 
in argyrodite materials.  
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Face the current climate emergency, solid-state batteries have been attracting 
significant attention due to a plethora of potential advantages, such as energy density 
gains, reduced costs, and safety enhancements.1 In recent years, Li-rich anti-
perovskites have stood out as promising solid electrolyte candidates as they combine 
high ionic conductivity, stability against Li metal anodes and structural versatility.2 

Here, defect simulations are used to explore the energetics of defect formation in a 
range of LixOXy (X = Cl or Br; x = 3–6; y = 1–4) anti-perovskites with zero- to three-
dimensional structures. Defect calculations are conducted utilising the Mott−Littleton 
approximation. Long molecular dynamics runs are carried to assess ion transport in 
these materials at a range of temperatures (200–800 K). The range of defects 
investigated includes full, Li-halide and Li-O Schottky defects and Li Frenkel defects. 
Our calculations predict that whereas almost all these materials present Li-halide 
Schottky defect pairs as dominant native defects, Cl interstitials are the dominant type 
of intrinsic disorder in Li6OCl4. We find that the formation of the great majority of defect 
types is energetically more favourable in the LixOCly series compared to the equivalent 
structures in the LixOBry set, potentially leading to enhanced Li-ion transport in these 
materials. We also report that the concentrations of halide Frenkel defects in the 
LixOBry set are lower than expected in the three and two-dimensional structures, 
based on the LixOCly series findings for their counterparts. Our molecular dynamics 
simulations reveal the strong connection between Li-ion dynamics and dimensionality 
in these anti-perovskite materials, where increased Li-ion diffusion and decreased 
activation energy can be seen as dimensionality is reduced. Density functional theory 
simulations and machine learning studies are currently ongoing to further assess ion 
transport and interfaces in these materials.  
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Ferroelectric materials are vital for many technological applications such as SONAR 
and ultrasonic transducers, owing to their spontaneous, switchable electric dipole. 
However, new ferroelectrics are needed to facilitate emerging applications, for 
example memristors for neuromorphic computing,1,2 for which ideal ferroelectrics 
have not been found.3 A particular subset of ferroelectrics are driven to a net dipole 
moment by charge ordering (CO) on atom sites and bonds.4 These CO-driven 
ferroelectrics have largely evaded high-throughput computational searches due to 
the difficulty in capturing CO accurately with standard ab initio techniques. Here, we 
design a materials database search to identify improbable structures that would 
likely stabilize by CO. Our search has revealed 14 potential CO structures, and we 
use spin-polarised density functional theory (DFT) calculations to further explore two 
of these, Li6Bi2O7 and Li6Sb2S7. Symmetry unconstrained structure relaxations gave 
rise to a polar phase for Li6Bi2O7 that shows evidence of checkerboard-type CO. This 
work identifies Li6Bi2O7 as a new CO ferroelectric candidate. Utilization of these 
materials informatics techniques aims to expand the pool of known compounds with 
CO-driven polar transitions, improving understanding of this special class of material 
and uncovering new ferroelectric candidates. 
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Despite solvothermal synthesis being one of the most versatile methods for the 
synthesis of metal oxides, little is known of the chemistry that occurs during the 
process due to the closed nature of a solvothermal reaction. Although a range of X-
ray techniques have been used to follow solvothermal crystallisations, the benefits of 
neutron diffraction have not been exploited in the in situ sudy of the formation of 
materials. This includes the penetration of bulky reaction vessels, sensitivity to low 
atomic number elements, and, potentially, study of magnetic materials. 

In this contribution I will explore the potential of a new cell design which is composed 
of a null-scattering titanium zirconium alloy (Ti0676Zr0.324) with an aim for the cell to be 
easily transportable and adaptable to a variety of neutron instruments depending on 
suitability for the reactions being studied. The cell has been deployed in the study of 
the synthesis of the strontium ruthenate SrRu2O6 on POLARIS at ISIS for the real time 
monitoring of its crystallization at different temperatures. This material is of particular 
interest for its potential as a new semiconductor material while also possessing 
antiferromagnetic ordering with a Néel point above the synthesis temperature (TN = 
565 K). It has also been reported that with minor changes to the synthesis conditions 
of SrRu2O6, two additional strontium ruthenate phases can be produced. This makes 
the study of this material ideal to explore the potential of the cell in monitoring 
synthesis routes, magnetic structure formation in real time and reaction kinetics. The 
cell has also been used to study the formation of zeolite A (LTA) and its conversion 
under basic conditions to hydrosodalite (SOD) on NIMROD at ISIS. This allows for 
studying the impact of temperature on the rate of formation of the zeolite and the rate 
of conversion to the sodalite with an opportunity to use the cell to study disordered 
materials and its suitability for PDF analysis in situ. 
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All-solid-state batteries are a promising avenue to significantly advance lithium ion 
battery technology, particularly for electric vehicle applications. In order to search for 
new lithium oxide materials suitable for solid electrolyte applications, we selected a 
quinary oxide material system consisting of light elements, Li-Mg-Al-P-O, motivated 
by the desire for a light electrolyte. A new lithium metal phosphate, Li1.76Mg0.62Al2P9O27, 
was discovered through the computationally guided synthetic exploration. The crystal 
structure was solved via single crystal X-ray diffraction, and adopts the hexagonal 
space group P63/mcm with a = b = 10.9981(5) Å and c = 9.3530(9) Å. The structure 
can be descried as a three-dimensional framework of MO6 and PO4 units, of which the 
connectivity is similar to NASICON with extended packing. The structure also affords 
a straight and wide channel along the c axis, which is occupied by Li+ cations. Phase-
pure powder samples were synthesized successfully at 873 K for 40 h. The 
homogeneity and crystallinity of samples were confirmed via TEM, and the lithium 
ionic conductivity was examined via AC impedance spectroscopy. Li1.76Mg0.62Al2P9O27 
is the first quaternary lithium compound found in the phase field, and more structural 
and property diversities may be possible to access from innovative doping of the new 
hexagonal structure. 
 

 

 

Figure 1. Crystal structure of Li1.76Mg0.62Al2P9O27 
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Ceramic fuel cells are considered to be eco-friendly alternative devices for energy 
production due to their high energy conversion efficiencies and continuous electricity 
production without polluting emissions.1 Protonic ceramic fuel cells (PCFCs) are 
promising candidates for intermediate to low temperature operation (400-600 °C), in 
contrast to solid oxide fuel cells which typically operate at 800 °C. Widespread 
application of PCFCs relies on the development of high-performance electrode 
materials.  
We report on a self-assembled nanocomposite, Ba0.5Sr0.5(Co0.7Fe0.3)0.6875W0.3125O3–δ 
(shortened to BSCFW),2 and its electrochemical and protonic properties in the context 
as a PCFC cathode material.3 BSCFW is a nanocomposite consisting of a disordered 
single perovskite with high electrocatalytic activity, and an electronically conducting 
oxygen-stoichiometric ordered double perovskite phase.  
BSCFW has an excellent polarisation resistance (Rp) of 0.172(2) Ω cm2 at 600 °C and 
a high power density of 582(1) mW cm–2 through single cell measurement which is 
comparable with current state-of-the-art cathode materials. It displays good chemical 
and thermal stability against a BaZr0.1Ce0.7Y0.1Yb0.1O3–δ (BZCYYb) electrolyte with a 
low Rp degradation rate of 1.01(1) × 10–6 Ω cm2 min–1. This performance is improved 
beyond the well-studied Ba0.5Sr0.5Co0.7Fe0.3O3–δ (BSCF) type materials, which tend to 
be unstable under the same conditions and incompatible with the electrolyte material. 
The high performance and stability presented by BSCFW is determined via the 
interplay of the single and double perovskite phases.  
Figure 1: Comparison (left) of Rp of BSCFW (red) with other representative PCFC cathode 

materials at 600 °C. ASR stability (right) of a BSCFW|BZCYYb|BSCFW symmetrical cell in 3 
vol% hydrated air at 600 °C.  
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Various energy storage devices are being widely used from consumer electronics. 
However, to improve efficiency and performance of these devices it is important to 
understand the fundamental processes occurring in each component of the battery. 
During the first charge/discharge cycle of the battery a solid electrolyte interphase 
(SEI) is formed from the breakdown of dissolved salts in the electrolyte. Due to the 
ultra-high vacuum environment in standard X-ray instruments it is a challenge to 
perform operando surface analysis of battery components.  

Ionic liquid (IL) with their superior thermal stability, large electrochemical window, and 
negligible flammability are promising substitutes to organic electrolytes. Critically, low 
vapour pressure of ILs enables them to be studied under UHV environments.1–3 Use 
of IL will allow integration of traditional battery fabrication units with standard XPS 
instruments. In batteries the key factor controlling the device performance is the 
chemical interaction between electrode and electrolyte during charging and 
discharging. This work is aimed at tuning the chemistry of ILs and understanding their 
properties using X-ray photoelectron spectroscopy. Along with looking at their 
application in operando studies of electrochemical processes. Room temperature ionic  
uids RTILs are molten salts with a weekly coordinated cation and anion. The  
extremely low vapour pressure is one of the extraordinary properties of room 
temperature ionic liquids (RTILs). This work comprises of tuning the chemistry of ILs 
and characterising their properties using X-ray photoelectron spectroscopy. Along with 
looking at their application in operando studies of electrochemical processes.4 

Through core level and valence band measurements we have found that cation 
symmetry and the length of alkyl chain influence their spectral signature. For cations 
with short chain alkyl groups the valence band is dominated by the anion.5 While with 
longer alkyl chain the cation starts to influence the valence band structure. Moreover, 
a linear increase in work function is also observed when the alkyl groups is increased 
form butyl to hexyl to octyl. RTILs being electrochemically inert provide an opportunity 
for operando studies of electrochemical properties. We used these properties of RTILs 
to probe the surface chemistry of SEI i.e the electrode electrolyte interfaces during 
operation. 
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Kagome Metal-Organic Frameworks 

T. N. Dolling, S. Ivko, and L. Clark 

School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 

The applications of magnetic S = ½ kagome materials range from the long-sought 
quantum spin liquid, to low-energy data storage, spintronics, logic gates and quantum 
computing.1,2 In recent work,3 we uncovered the magnetic ground state of a family of 
S = ½ kagome-containing metal-organic frameworks (MOFs) with the general formula 
Cu3(CO3)2(x)3·2ClO4. In these materials, Cu2+ cations are chelated by carbonate 
anions forming kagome layers in the ab plane (Figure 1c) that are pillared along the c 
axis by ditopic organic linkers, x = 1,2-bis(4-pyridyl)ethane (bpe), 1,2-bis(4-
pyridyl)ethylene (bpy), or 4,4′-azopyridine (azpy). Following the discovery of three-
dimensional magnetic order in these MOFs, our attention has turned to two new 
systems with the formula Cu3(CO3)2(y)6·2ClO4 where y is 4-methylpyridine (mp) or 
2,4’-bipyridine (bipy). Substituting the pillaring linkers used previously for these 
monodentate ligands effectively removes the interplane covalent linkage, which, it is 
expected, will disrupt the three-dimensional ordering observed in the pillared systems. 
At the same time, we are exploring the effects of substituting the in-plane linkers, in 
particular, hexahydroxybenzene (hhb), in which we show that the Cu-Cu exchange 
pathways are altered. Intriguingly, exchange is ferromagnetic through the carbonate 
linker and antiferromagnetic through hhb according to our magnetometry data, 
highlighting the tunability offered through two-dimensional magnetic MOFs (Fig. 1b). 
Furthermore, the discrete layers in these structures (Fig. 1a) may also allow for the 
exfoliation of these MOFs into magnetic nanosheets, which have a plethora of 
potential applications including as ultrathin semiconductors and spin valves.4,5 Work 
on understanding the synthesis, crystal structures and magnetic properties of these 
systems, as well as preliminary studies on their exfoliation will be presented herein. 

Figure 4. Structural models of MOF-mp (a) The unit cell of MOF-mp solved in the 
P63/m space group. (b) Comparison of magnetic copper environments in both (top) 
MOF-mp and (bottom) MOF-HHB species wherein there is no interplane linkage 
along the c axis (c) The kagome lattice of MOF-mp featuring a network of Cu2+ 

cations chelated by CO3
2- anions (perchlorate anions omitted). 

References: 1A. Fert, N. Reyren, and V. Cros, Nature Reviews Materials, (2017), 2, 17031. 2G. Hu and 
B. Xiang, Nanoscale Research Letters (2020), 15, 226. 3S. A. Ivko. et. al, Chemistry of Materials (2022), 
34, 5409. 4K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Physical Review Letters (2010), 105, 
136805. 5Z. Wang, D. Sapkota, T. Taniguchi, K. Watanabe, D. Mandrus, and A. F. Morpurgo, Nano 
Letters (2018), 18, 4303. 



Synthesis, Structure and Electrochemical Properties of a New Cation Ordered 
Layered Li-Ni-Mg-Mo Oxide 

Bo Dong*,1,2, Javier Castells-Gil1,2, Pengcheng Zhu2,3, Laura L. Driscoll1,2, Emma 
Kendrick2,3, Phoebe K. Allan1,2, Peter R. Slater*,1,2 

1 School of Chemistry, University of Birmingham, Birmingham B15 2TT, U.K. 
2 The Faraday Institution, Harwell Science and Innovation Campus, Didcot OX11 

0RA, U.K. 
3 School of Metallurgy and Materials, University of Birmingham, Birmingham B15 

2TT, U.K. 
 

To meet the demand in the growing electrical energy storage, such as electric vehicles 
and grid storage applications, novel cathode materials with large storage capacity and 
high energy density are required. Lithium-rich oxides are attracting intense interest as 
the next generation cathode materials for lithium-ion batteries due to their high 
theoretical capacity[1-3]. Nevertheless, these materials suffer from a number of 
shortcomings, such as oxygen loss at high voltage, large hysteresis and poor rate 
capability. In this work, we show that through a dual cation doping strategy replacing 
Ti with Mo and Mg, the disordered rocksalt (DRS) Li1.2Ni0.4Ti0.4O2 is transformed into a 
new cation ordered layered phase Li1.2Ni0.4Mo0.2Mg0.2O2, with the high valence dopant 
Mo6+ on the (0,0,0) site. Li1.2Ni0.4Mo0.2Mg0.2O2 showed improved performance 
compared to that of the similarly prepared DRS Li1.2Ni0.4Ti0.4O2 material (~190 mAhg-1 
vs ~105 mAhg-1 after 10 cycles, respectively). The characteristics of the 
electrochemical process were studied using ex situ XRD and XAS, which indicated 
the involvement of both Ni and Mo redox during the cycling as well as the 
electrochemical instability of the layered phase which changes to a disordered rocksalt 
phase on cycling. 

 

 
Fig 1. (b) Observed, calculated and difference profiles from structure refinement for 

Li1.2Ni0.4Mo0.2Mg0.2O2. (c) Structure of Li1.2Ni0.4Mo0.2Mg0.2O2. 
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Point defects in semiconductors usually act as nonradiative charge carrier 
recombination centers, which severely limit the performance of optoelectronic devices. 
In this work, by combining time-domain density functional theory with nonadiabatic 
molecular dynamics simulations, we demonstrate suppressed nonradiative charge 
carrier recombination and prolonged carrier lifetime in two-dimensional (2D) ReX2 (X 
= S, Se) with S/Se vacancies. In particular, S vacancy introduces a shallow hole trap 
state in ReS2, while Se vacancy introduces both hole and electron trap states in 
ReSe2. Photoexcited electrons and holes can be rapidly captured by these defect 
states, while the release process is slow, which contributes to an elongated 
photocarrier lifetime. The suppressed charge carrier recombination lies in the 
vacancy-induced low-frequency phonon modes that weaken electron-phonon 
coupling, as well as the reduced overlap between electron and hole wavefunctions 
that decreases nonadiabatic coupling. This work provides physical insights into the 
charge carrier dynamics of 2D ReX2, which may stimulate considerable interest in 
using defect engineering for future optoelectronic nanodevices. 
 

 

Figure 1. The schematic of electron-hole recombination in pristine ReX2 and 
defective ReX2. 
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We present a database of 820 experimentally measured Li ion conductivities covering 
403 unique chemical compositions.1 Every entry has been validated by an expert in 
battery chemistry to ensure that it accurately reports the ionic conductivity measured 
by AC impedance spectroscopy, the temperature at which it was measured and the 
composition of the sample. The primary source for each entry is also provided. This 
database is freely available for non-commercial use at 
http://pcwww.liv.ac.uk/~msd30/lmds/LiIonDatabase.html. 

By assigning each material in the database to a structural family, we are able to map 
out the space of Li ion conductors and clearly identify clusters of structurally related 
materials. We are also able to place these Li ion conductors into a full map of all 
reported solid-state inorganic compounds. We demonstrate that the database can be 
used as the source of data for supervised machine learning problems, and find that it 
is possible to train a reliable classifier into high or low ionic conductivity based solely 
on composition with an accuracy of over 80 %. 

We believe that this dataset and the models derived from it represent a practical 
resource for those working in the solid-state Li ion battery community. More generally, 
what we have learned from our experience in constructing and validating this dataset 
will be of benefit to others seeking to construct their own dataset of material properties 
from experimental data reported in the scientific literature.  

 

A map of the chemical families of 
compounds in the database, shown as 
coloured symbols, plotted with all Li 
containing compositions (black dots) and all 
compositions (grey dots) in the ICSD. 
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Metal organic frameworks (MOFs) are a class of porous materials with large porosity and often 
high surface area developed since the early 1990s that provide promising candidates to 
eliminate the environmental impurities [1, 2]. An immediate room temperature synthesis 
method is used to synthesise a series of Ce-UiO-66-X (X=NH2, OH, H, NO2, COOH) metal-
organic frameworks. Ce-UiO-66-X (X=NH2, OH) were synthesised for the first time, which is 
challenging because Ce(IV) oxidises NH2 and OH on the BDC (benzene-1,4-dicarboxylate) 
linker. This synthetic approach not only develops the tunability of MOFs, but also offers a 
versatile strategy to introduce a new series of UiO-66 materials with exceptional photocatalytic 
activities. 

SEM (scanning electron microscopy), PXRD (powder X-ray diffraction), DRS/UV-Vis (UV-
Vis diffuse reflectance spectroscopy), PL (photoluminescence spectroscopy), TGA 
(thermogravimetric analysis),  and FT-IR (Fourier transform infrared spectroscopy) show that 
the new MOFs have ultrafine nano size, phase purity, narrow band gap, and minimum 
recombination rate.   

The photocatalytic degradation of four dyes (methylene blue, rhodamine B, Congo red, and 
alizarin red s) using has been measured by under UV and visible light emissions at room 
temperature. The Ce-UiO-66-NH2, Ce-UiO-66-OH, and Ce-UiO-66-H exhibit an extraordinary 
photocatalytic degradation to decolourise anionic dyes (alizarin red s and Congo red) rapidly 
between 1 and 3 minutes. They show a good photostability and recyclability with retention of 
structure confirmed by PXRD. 
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Previously, we have shown that hydroxyapatite (HA, Ca10(PO4)6(OH)2) materials can 
accommodate large amounts of carbonate on both the OH (A) site and on the 
phosphate (B) site[1-4].   This gives it potential to act as a carbon capture material, with 
the added attraction that it (a) is cheap and relatively easy to synthesise at large scale 
and (b) has potential to be used as a fertiliser[5-6], thus fulfilling requirements for 
carbon-capture and usage (CCU). By substituting sodium at the calcium site, it is 
possible to incorporate more carbonate, but this is normally done by doping with 
sodium carbonates, rather than incorporating all carbonate from the air. Our previous 
utilised NaCl as a source of sodium ions combined with CO2 gas dissolved in the 
reaction mixture[1]. 
In this study, we investigate the potential of using sea water as a source of sodium 
and supplying the carbonate both at high temperatures and through carbonated water.   
Samples were synthesised by an aqueous route, adding a solution H3PO4 to a 
suspension of Ca(OH)2 and NaCl drop-wise, whilst stirring and maintaining pH at a 
value above 11.    CO2 was added to the water in the solutions by bubbling gas through 
the water prior to use, and in some cases into the H3PO4 solution during the synthesis.    
After synthesis, samples were heated under CO2 gas at either 500 C or 1000 C; the 
former encourages B-site carbonate substitution, the latter A-site substitution. 
Samples were analysed using powder XRD, FTIR, TG-MS, EDX and combustion 
synthesis.   As with earlier studies using sodium carbonate as a source, much less 
sodium enters the structure than the designed composition.  However, using 
carbonate bubbled into the H3PO4 solution during synthesis shows increased 
carbonate in the final product.    
Overall, the results indicated that using NaCl resulted in less carbonate within the 
structure than for sodium carbonate co-substituted apatites, which might be expected; 
however, the carbonate that is included is directly obtained from gas, and thus a cost-
benefit analysis may reveal that this is a more effective way to remove carbonate 
directly from a hot gas source. 
 

 

 

 

 

 

 
Figure: The crystal structure of carbonated hydroxyapatite, showing disordered A-site 
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Establishing links between the structure and physical properties of solid-state ionic 
conductors contributes not only to a rationale of their fundamental nature, but also 
provides design principles to accelerate the discovery of new materials. Lithium-ion 
conduction in complex halides is not well-elucidated and so the interplay between 
lattice dynamics, electronic structure, and electrochemical properties in such halides 
has been explored in the isostructural family of lithium tetrahaloaluminates LiAlX4 (X 
= Cl, Br, I). In this work, we first show how high-purity LiAlX4 powders can be easily 
synthesised by mechanochemical methods, which has enabled the synthesis of LiAlI4 
for the first time (Monoclinic P21/c, Z = 4; a = 8.0846(1) Å; b = 7.4369(1) Å; c = 
14.8890(2) Å;  = 93.0457(8) °).1 Of the tetrahaloaluminates, LiAlBr4 exhibited the 
highest ionic conductivity at room temperature (0.033 mS cm-1), while LiAlCl4 showed 
a conductivity of 0.17 mS cm-1 at 333 K, coupled with the highest thermal and oxidative 
stability. Bond-valence site energy analyses (BVSE) show that the conduction 
mechanisms in the haloaluminates do not change significantly as a function of X, and 
that the lithium diffusion is dominated by 2D jumps along the bc plane. In particular, 
for LiAlCl4, empirical molecular dynamics simulations shows that the 2D Li+ motion in 
the bc plane is coupled to dynamic anion disorder. Using a combination of 
experimental methods (diffuse reflectance UV-Vis spectroscopy, pulse-echo speed of 
sound measurements, Raman spectroscopy, inelastic neutron scattering, muon-spin 
spectroscopy) and periodic Density Functional Theory (DFT) based calculations, we 
demonstrate that softer lattices (quantified in terms of Debye frequencies or Li-phonon 
band centres as a function of X) provide lower activation energies for Li+ migration. 
However, the relationship between polarisability and Li+ conductivity is not 
straightforward. In line with expectations emergent from the Meyer–Neldel rule, the 
activation energy for Li+ hopping, Ea, and the pre-exponential terms collated as 0 in 
the Arrhenius equation for activated conductivity, correlate. It is also evident that the 
electrochemical oxidative potential limit correlates with the X- phonon band centre in 
the Vibrational Density of States (VDOS) and that the Electrochemical stability 
Window (EW) and optical band gap are interlinked, as expected.2  
1. N. Flores-González, N. Minafra, G. Dewald, H. Reardon, R. I. Smith, S. Adams, W. G. Zeier and D. H. 
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Three requirements of new energy storage devices are high energy density, high 
power density and high cyclability. As a result, new materials must bridge the gap 
between materials which can store a large amount of energy but are slower to charge 
(batteries), and materials which can charge extremely quickly with a limited energy 
density (supercapacitors). Columbites have shown a potential for high power and 
energy density as well as stability over many cycles but suffer from low conductivity, 
degradation, and irreversible metal ion loss.1 Materials of the columbite structure show 
partial pseudocapacitive charge storage which combined with small volume changes 
during charging, low toxicity and high theoretical specific capacity make them well 
suited as negative electrode materials in high-rate Li-ion batteries.2  

MNb2O6 (M = Cu, Zn, Fe, Mn), have been studied in recent years for their use as 
negative electrode materials. Lee et al. fabricated MNb2O6 (M = Cu, Zn, Mn) via a 
hydrothermal route and found CuNb2O6 could produce a high energy density but 
lacked the cycling stability of MnNb2O6.2 Garcia-Alvarado et al. noted higher 
conductivity in MnNb2O6−δ.3 A hybrid FeNb2O6/reduced graphene oxide material 
produced by Kong et al. via a two-step hydrothermal synthesis was shown to provide 
a high energy density at different charging rates.4  

MnNb2O6 has an orthorhombic unit cell, consisting of chains of corner-sharing MnO6 
and NbO6 octahedra along the a axis.3 In this work, we synthesiseMn1-xCoxNb2O6 and 
study how this influences the crystal structure and electrochemical performance.  
Pouch cells have also been constructed for use in on-going operando XAS 
experiments to track changes in the oxidation states of the metal ions during the 
charge/discharge process. 
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Lithium-ion batteries have long been established as the leading technology for 
energy storage devices due to their high energy density and longevity 1. Common 
cathode materials for these batteries are layered oxides. LiCoO2 (LCO) is a popular 
layered oxide which is commonly used within the electronic industry. Yet, 
socioeconomic issues has led to a push for Co-free cathode materials, especially for 
the automotive application 2. The isostructural compound LiNiO2 (LNO) is well placed 
as a replacement for LCO as it has theoretical capacity and voltages comparable to 
LCO1. However, the material cannot fully utilise its theoretical energy density due to 
its notorious mechanical and thermodynamical instabilities. 

Recent work has demonstrated that substitution strategies can cater for the 
instabilities whilst minimising the reduction in capacity during cycling. Density 
functional theory (DFT) calculation, with its ability to predict the ground state 
structures and charge compensation mechanisms, have been an effective tool for 
investigating solid-state materials with dopants such as these. In this study, we 
implement DFT in order to fully understand the doped structure with the aim to find a 
stable Ni-rich cathode with a high theoretical capacity. As such, the intrinsic point 
defects are investigated in these cathode materials which reveal insight into 
experimental observations for LNO and provide an understanding for the charge 
compensating mechanisms within the pristine system. In addition, the study explores 
the effects of incorporating Mg and W as co-dopants within the pristine system. 
These dopants were selected based on their notable success as individual dopants 
reported in previous experimental studies3,4. 
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Renewable energy sources will play a key role in the transition to a net zero emission 
economy. However, our ability to successfully manage the highs and lows in their 
supply and demand is currently very limited. The excess energy could be stored for 
later use as hydrogen harvested by splitting water into its constituent parts, in a device 
called electrolyser.1 Proton exchange membrane (PEM) electrolysers are considered 
the best option for integration with renewable energy sources but they operate under 
acidic conditions.2 This necessitates the use of Pt group metals as catalysts (of the 
hydrogen evolution reaction) as they can withstand the harsh operating conditions. 
The cost and scarcity associated with the Pt group metals creates the opportunities 
for research into finding earth-abundant, less expensive alternatives.3 

Common binary materials have been extensively investigated, in this regard. 
However, one Mo-based compound has been overlooked for the use as a HER 
catalyst so far. Molybdenum antimonide, Mo3Sb7 has only attracted attention for its 
thermoelectric properties and potential application as an anode material for sodium- 
and lithium-ion batteries.4,5 An interesting feature of this compound is the ability to 
replace up to 2 Sb atoms per formula unit with Te without changing the crystal 
structure of the parent compound. The Mo3Sb7-xTex system, therefore, provides an 
interesting platform to study the influence of Te doping on catalytic activity without 
having to be concerned over structural changes. 

In this work three solid-solutions of the cubic Mo3Sb7-xTex (x = 0, 1, 1.6) series were 
synthesized, proved phase-pure by powder x-ray diffraction (PXRD) and probed by 
linear and cycling voltammetry as potential electrocatalysts. Mo3Sb7 showed a large 
overpotential of 570 mV at a current density of 10 mA cm-2. However, the replacement 
of Sb with Te increased the stability of the catalyst and in the case of Mo3Sb5.4Te1.6 

reduced the overpotential required to achieve 10 mA cm-2 to 511 mV. This 
improvement in performance was also mirrored in the Tafel slopes of the materials 
with Mo3Sb5.4Te1.6 having a Tafel slope of 136.2 ± 0.5 mV dec-1 compared to 167.5 ± 
0.6 mV dec-1 exhibited by Mo3Sb7. 

Although the three compounds tested are suboptimal HER catalysts, compared to 
other state-of-the-art materials, they nevertheless provide an interesting system to 
observe the effects of tellurium doping on the catalytic performance. 
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The synthesis, structure and properties of single crystalline metastable Mn1.05Bi in the 
polar space group Fdd2 are reported.  Mn1.05Bi is isostructural to the previously 
reported Mn1.05Rh0.02Bi1, with both ordered interstitials and ordered vacancies of Mn 
leading to Kagome-like layers. The ordering of the interstitials breaks inversion 
symmetry and forces the material into a polar space group. DC magnetisation reveals 
ferromagnetic properties with a huge magnetic anisotropy, with the magnetisation 
pinned along the a-axis (the stacking axis), and multiple magnetic transitions which 
retain this anisotropy. AC measurements confirm these transitions and show very 
sluggish spin dynamics along the a-axis, with a very large temperature dependent out-
of-phase response. Heat capacity measurements reveal the presence of Schottky 
defects, and resistivity measurement confirms the transitions and reveal the material 
to be dominated by magnetic scattering. Overall, Mn1.05Bi shows magnetic properties 
markedly different from hexagonal, NiAs-type MnBi, driven by ordered interstitials and 
vacancies of Mn, stabilising a likely complex magnetic structure with strongly 
temperature dependent spin dynamics. This is supported by Density Functional 
Theory calculations, which suggest a strongly anisotropic non-collinear ground state 
driven by Kagome layers and asymmetric Mn environments. This demonstrates that 
careful control of defects in NiAs type materials can stabilise complex crystal 
structures with non-collinear magnetic ground states.  

 
Figure 1. (a) Crystal structure of Fdd2 Mn1.05Bi, showing both the defect ordering in 
the NiAs type layers and interstitial layers. Red arrows show the displacement 
direction of the interstitial Mn. (b) Magnetisation versus field curves for the field applied 
along a and in the bc plane, showing incredibly anisotropic ferromagnetism. (c) Out-
of-phase AC susceptibility, showing a large response indicating very sluggish spin 
dynamics.  
1 V. Taufour, S. Thimmaiah, S. March, S. Saunders, K. Sun, T. N. Lamichhane, M. J. 
Kramer, S. L. Bud’ko, and P. C. Canfield, Phys. Rev. Appl. 2015, 4, 014021. 
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Topochemistry enables step-by-step conversions of solid-state materials often leading 
to metastable structures that retain initial structural motifs. Recent advances in this 
field revealed many examples where relatively bulky anionic constituents were actively 
involved in redox reactions during (de)intercalation processes. Such reactions are 
often accompanied by anion-anion bond formation, which heralds possibilities to 
design novel structure types disparate from known precursors, in a controlled manner. 
Here multistep conversion is presented of layered oxychalcogenides Sr2MnO2Cu1.5Se2 
into Cu-deintercalated phase where antifluorite type (Cu1.5Se2)2.5- slabs collapsed into 
2D arrays of chalcogen dimers. The collapse of the selenide layers on deintercalation 
led to various stacking types of Sr2MnO2Se2 slabs, which formed unprecedented 
polychalcogenide structures unattainable by conventional high-temperature 
syntheses. We understand the structure using X-ray diffraction and spectroscopy 
along with various other techniques. Anion-redox topochemistry is demonstrated to be 
of interest not only for electrochemical applications but also to design of complex novel 
layered architectures.  

 
Fig 1: Multistep oxidative Cu deintercalation leads to collapse of CuCh layer forming 

2D array of anion dimers 
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The theory to obtain nuclear magnetic resonance (NMR) chemical shifts from 
quantum-mechanical simulations in a periodic solid is well established,1 but the 
difficulty in applying such techniques to solid solutions lies in the statistical treatment 
of site disorder. We recently developed an approach for the statistical modelling of the 
NMR spectra of solid solutions.2 In that work, chemical shifts were calculated for all 
configurations in a symmetry-adapted canonical ensemble and combined to form the 
solid solution spectrum, providing reasonable agreement with experiment. However, 
that methodology had some important limitations: a) the variety of local chemical 
environments that can be achieved in a canonical ensemble is incomplete, and b) the 
computational cost of calculating chemical shifts for all configurations in a large 
ensemble is huge. We have now developed a much-improved strategy, which will be 
presented in this talk First, a grand-canonical ensemble, where we can mix supercell 
configurations with different compositions, can achieve all the possible local chemical 
environments. Second, we show how ensemble truncation and machine-learning tools 
can be used to alleviate the computational cost of our simulations. We demonstrate 
the effectiveness of our methodology using the pyrochlore solid solution 
La2(Zr,Sn)2O7, for which our simulations give a level of agreement with experiment 
that could not be obtained with previous approaches (Figure 1). We also discuss how 
our new approach, which is implemented in the SOD (Site Occupancy Disorder) 
package,3 can be more generally useful in the computer simulation of solid solutions, 
for example by providing a better description of the thermodynamics of mixing of the 
solid solution, or by allowing the consideration of equilibrium with external phases.  

 
Figure 1: Comparison of the experimental 119Sn NMR spectrum of 

La2(Sn0.125Zr0.875)2O7 with those obtained using DFT simulations in combination with 
canonical or grand canonical statistical mechanics.  
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Fig 1. Crystal structures formed by early (Ln = La-Nd), intermediate (Ln = Sm-Ho) and 
late (Ln = Ho-Lu) lanthanide ions in the system Na1.5Ln1.5TeO6. 
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Nitride perovskites, with ABN3 formula, have the potential to start a new paradigm 
in semiconductor devices. Indeed, this new class of materials is of great interest for 
developing oxygen-free functional materials, integrable in microelectronic devices and 
able to operate at low voltage. In this talk, we present a high throughput study of (AB)-
N3 compositional space and show how candidate materials can be identified using 
simple chemical and structural considerations. We further thoroughly explore the 
potential energy surface of our candidate materials using symmetry elements and ab 
initio random structure searching (AIRSS) in order to identify a possible ground state 
structure. The outcome of our workflow is twofold. On the one hand, we provide new 
insights on the ground state structure of already identified candidate compositions and 
on the other hand we propose new thermodynamically stable, likely synthesizable, 
nitride perovskites. We conclude our study by highlighting the interesting 
functionalities of our most promising candidates and in particular we evaluate their 
potential for being ferroelectric. 
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The discovery of new cathode materials with improved energy densities and cyclability 
continues the advancement of Li ion batteries (LIBs) for applications in Electric 
Vehicles (EV), among others. Spinel materials (e.g LiMn2O4) have become 
established cathode materials owing to fast Li transport through the material. 
However, Mn-based cathodes suffer from irreversible phase transitions1, instability at 
elevated temperatures2 and dissolution into the liquid electrolyte3. Accessing higher 
cell potential can be achieved through inclusion of Ni in the spinel structure (e.g. 
LiNi0.5Mn1.5O4) though these materials suffer from capacity fade at elevated 
temperatures4, 5. Understanding fundamental ion intercalation mechanisms through in 
situ and ex situ characterisation of cathode materials is key to improving capacity 
losses. 
Here, a new Li-Ni-Mn-O-F spinel with significant cation disorder is reported and 
characterised through combined refinement of X-ray and neutron diffraction data. This 
material demonstrates capacities of 225 mAh g-1 at 25 °C, far exceeding LiNi0.5Mn1.5O4. 
X-ray Photoelectron Spectroscopy (XPS) is 
used to understand the involvement of Ni/Mn 
redox upon cycling to high (5 and 5.3 V) and low 
(2 and 1.5 V) potentials. Both Ni and Mn are 
redox-active, and reversible Li+ intercalation is 
observed in XPS of the Li 1s core level.  
This spinel exhibits improved cyclability, owing 
to high structural integrity over cycling, and 
increased capacity, arising from additional Li+ 
intercalation as well as Mn4+/Mn3+ redox 
mechanisms confirmed by XPS. The 
involvement of Mn redox in this spinel contrasts 
with LiNi0.5Mn1.5O4, where Mn4+ remains 
unchanged and only Ni4+/Ni2+ redox is 
observed4, 5. Hence, it is shown that Mn redox 
is responsible for the enhanced electrochemical 
performance over end-member LiNi0.5Mn1.5O4, 
and is accessed through incorporation of 
fluoride.
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Batteries are becoming increasingly popular and are set to play an important 
role in the transition towards a net-zero carbon economy. In particular, lithium-ion 
batteries have gained considerable interest as a result of their use in portable 
electronic devices, as well as growing applications for electric and hybrid vehicles. 
However, they still face a number of challenges that need to be overcome. One such 
challenge is the capacity fade which arises over multiple charge-discharge cycles as 
a result of unwanted reactions at the electrode-electrolyte interface. 

This project focuses on tailoring protective coatings to help improve cathode 
longevity and ultimately battery lifetime. Thin Al2O3 coatings have been demonstrated 
to extend the cycle life for various cathode materials, including LiCoO2 (LCO) and 
LiNixMnyCo1-x-yO2 (NMC).1,2 Our studies, within the Faraday Institution-funded 
FutureCat project focus, on lithium nickel oxide (LiNiO2 – LNO). This is a cobalt-free 
alternative to the commonly used cathode materials, LCO and NMC. Although it has 
the potential to be used as a cathode material in next-generation electric vehicles, it 
suffers from capacity fade over multiple cycles.3 Al2O3 coatings are being developed 
within the FutureCat consortium to mitigate side reactions causing capacity loss for 
LNO cathodes. However, the structure of Al2O3 within these coatings and how it 
interfaces with LNO are not well understood. In order to improve and tailor coatings 
for cathode materials, it is important to first fully understand the structure of the 
coating, any reactions occurring at the coating-cathode interface, and the ion 
dynamics at the coating-cathode interface.  

To probe this further, Al2O3 coatings have been studied using solid-state NMR 
spectroscopy. The latest 27Al MAS NMR data, which will be presented here, suggests 
that additional phases are present alongside the Al2O3 coating. These are believed to 
be the result of aluminium/lithium mixing occurring at the coating-cathode interface 
during the coating procedure. This is valuable insight into the structure of both these 
coatings and the coating-cathode interface. This additional structural insight, in 
conjunction with ab-initio computation studies ongoing within the FutureCat 
consortium, will enable the ion transport across the interface and through the coating 
to be understood in greater detail. 
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Around 60% of primary energy consumption is wasted as heat energy, representing 
an untapped source of energy with huge potential to reduce our overall consumption.1 
Thermoelectric materials convert heat energy into electricity through the use of 
temperature gradients. The materials historically used for this purpose include bismuth 
chalcogenides and lead tellurides. However, issues relating to their natural abundance 
and toxicity, combined with the increasing demand for environmentally friendly energy 
sources, is driving research into novel materials with potential thermoelectric 
properties to replace these. 

The effectiveness of a thermoelectric is measured by the dimensionless figure of merit 
ZT. Materials with a high ZT need to balance a high electrical conductivity and a low 
thermal conductivity. Oxides generally exhibit properties valuable for thermoelectric 
applications, including low cost, thermal and chemical stability and environmental 
benignity. However, their thermoelectric performance has been hindered by their high 
lattice thermal conductivities. Novel ternary oxides have advanced research in this 
field as their complex crystal structures possess lower lattice thermal conductivities 
than traditionally seen in oxides.   

In this study, we conduct a detailed investigation into the thermoelectric properties of 
the ternary wide band semiconductor Sr2Sb2O7, which has previously been 
synthesised under high temperature conditions in previous studies and shown to be 
thermally stable.2,3 Our study uses the latest approach to separately calculate the 
different contributions to overall scattering rates, in order to more accurately predict 
the transport properties4.  We show that Sr2Sb2O7 possesses a ZT greater than many 
existing oxide thermoelectric materials at a value of 0.71 and has the potential to 
perform as a high-performance n-type thermoelectric component. We go on to 
investigate the defect chemistry of this exciting new thermoelectric candidate to 
determine its doping capabilities and further assess its suitability. 
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Photovoltaic devices based on CH3NH3PbI3, an organic-inorganic lead halide 
perovskite, have seen power conversion efficiencies increase from 3.9 % to 25 % over 
the past decade.1 This is astounding and suggests the potential of such materials to 
influence the next generation of photovoltaic devices. Research is underway in a 
variety of fields, from the development of new materials to the generation of films and 
the improvement of device efficiency. There is also a need to discover light-harvesting 
materials for commercialisation that are stable under ambient conditions and that do 
not use toxic lead. Here, organic-inorganic metal halides based on meta-
xylylenediammonium (MXD) are reported.2,3 MXD is an ammonium cation with an 
aromatic ring and is expected to improve moisture resistance.4 The bismuth halide 
compounds, MXDBiI5, MXD3Bi2Br12·2H2O and  MXDBiCl5 were prepared using a 
solution-based method. The structure of three materials have been determined by 
single crystal X-ray diffraction and have zero-dimensional structures.  
We explored the possibility of band gap engineering in these materials by preparing 
the mixed halides  MXDBiI5-xBrx (0 < x < 3.71) and MXDBiBr5-yCly (0 < y < 5.00)  by 
partial substitution of halides. A large range of solid solution was found for MXDBiI5-

xBrx and MXDBiBr5-yCly. Together, we found that the band gap of the MXD-based 
bismuth halide compounds can be tuned in the range 2.15 eV to 2.81 eV to 3.32 eV 
as we go from MXDBiI5 to MXD3Bi2Br12·2H2O to MXDBiCl5 (Figure 1).  
 
Figure1: UV-vis diffuse reflectance spectra of MXDBiCl5, MXDBiI5 and 

MXD3Bi2Br12·2H2O converted using the Kubelka–Munk transformation (α s = (1 – 
R)2/2R). 
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Dynamic disorder in layered covalent-organic frameworks 
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Layered covalent organic frameworks (2D COFs) exhibit a high degree of structural 
flexibility and chemical stability, making them promising candidates in energy storage 
and conversion applications. However, their weak interlayer interactions mean 
stacking faults are common. These imperfections can significantly affect their 
performance in energy technologies arising from variations in crystallinity, porosity, 
and electrical conductivity. To date, many studies have reported ideal eclipsed 
stacking from powder X-ray diffraction (XRD) measurements, however, there is 
growing evidence that 2D COFs are disordered with offsets between layers.  

Herein, we address this issue by studying the displacive instabilities in two prototypical 
COFs, Tp-Azo and DAAQ-TFP that have been used as high-performance Li ion 
battery electrodes. We demonstrate the existence of an unusual “sombrero” potential 
energy surface (PES) for layer displacements. The “sombrero” potential energy 
surface exhibits a striking preference for slipped structures with horizontal offsets 
between layers ranging from 1.7 Å to 3.5 Å in a potential energy minimum that forms 
a low energy ring. Furthermore, we elucidate the effects of interlayer -  interactions 
on the electronic band structures and band gaps in eclipsed and slipped stacking 
sequences. We reveal a pronounced band gap opening of 0.8 - 1.4 eV in slipped 
arrangements that arises from subtle changes in the interlayer  orbital overlap. We 
further develop and apply machine-learned forcefields to efficiently model the COF 
dynamics over longer length and time scales.  

Treatment of dynamic disorder is critical for screening COFs for applications in energy 
storage and conversion systems where electrochemical and photochemical 
descriptors are significantly altered including accessible voltage ranges for batteries, 
stability windows for electrocatalysis, and visible light absorption for 
photoelectrochemical systems. 

This work was performed in collaboration with Matthias Golomb, Seán Kavanagh, 
Alex Ganose, Kasper Tolborg and Seung-Jae Shin. All calculations were run on the 
Archer2 supercomputer with access provided through the materials chemistry 
consortium.  
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Rechargeable batteries are regarded as the most promising energy storage 
technology because of their reliability and high energy conversion efficiency. Although 
Li-ion batteries (LIBs) have been widely used in portable electronic devices, Na-ion 
batteries (NIBs) are considered as a potential candidate to replace LIBs because of 
their non-toxicity, low cost, and elemental abundance. 1−6 

Solid state sodium-ion batteries are seen as potential cheaper and safer alternatives 
to current lithium-ion battery systems. The replacement of the presently used liquid 
electrolytes by non-flammable solid electrolytes is an important avenue to create safer 
batteries, while the high natural abundance of sodium compared to lithium would allow 
for significant cost reduction. The sodium superionic conductor, NASICON, first 
reported by Hong,7 is one of the best-known sodium-ion conducting solid electrolytes, 
displaying high bulk ionic conductivity and good stability toward NASICON -based 
electrodes.8,9 However, the practical use of NASICON has been impeded by low ion 
mobility at room temperature and poor interfacial connectivity. 10 

Here, the improvement of total conductivity has been achieved via La and Zn co-
doping of NASICON. Total conductivity values of 4.68 × 10−3 S cm−1 at room 
temperature and 2.89 × 10–2 S cm–1 at 100 °C were obtained for 
Na3.3Zr1.8La0.1Zn0.1Si2PO12, which are amongst the highest values recorded for a 
NASICON based system. Furthermore, the system shows good air stability and could 
represent a suitable material for application in the field of Na-ion batteries. 
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Synthesis and investigation of Rh containing oxides is of interest in both electronic and 
magnetic materials, as well as catalytic materials. The S = ½ “quantum magnet” state 
of Rh4+ and the competing electronic localisation and delocalisation effects of the 4d 
cations coupled with crystal symmetry effects can lead to complex magnetic and 
electronic properties. The stabilisation of Rh containing oxide materials is however 
challenging due to the tendency for Rh oxides to reduce under high temperature 
conditions. As a result oxides will often contain a mixture of Rh3+ (S = 0) and Rh4+ (S 
= ½).[1] Synthesis under high temperature, high pressure conditions allows for 
stabilisation of Rh4+ oxide materials due to the immense oxidising power of high 
pressure oxygen at elevated temperatures. The application of synthesis at various 
pressures results in stabilisation of varying crystal structures depending upon the 
synthesis pressure, allowing for the investigation of physical properties with varying 
crystal structures. We have investigated the pressure dependent phase behaviour of 
the Rh4+ perovskite materials BaRhO3 between ambient pressure and 30 GPa.[2] At 
relatively low pressures oxygen deficient structures are reported, reflecting the 
presence of Rh3+. Between 6 Gpa and 30 Gpa a structural progression of 4H  6H  
3C was identified, similar to that reported for other BaMO3 compounds.[3,4] We observe 
a progression of metallic to semi-metallic properties across the series, reflective of 
greater electron localisation correlating to the increase proportion of corner sharing 
RhO6 octahedral units within the crystal structures.  
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Graphite is a commercially successful anode for Li-ion batteries: its low cost, low 
toxicity and high abundance makes it ideally suited for batteries for devices, 
transportation and grid-based storage. The physical and electrochemical properties of 
graphite anodes have been thoroughly characterised, but one question remains 
unanswered—whether the electrons occupy localised states on Li or delocalised 
states on C, or an admixture therein. In this regard, electron paramagnetic resonance 
(EPR) spectroscopy is an invaluable tool for characterising the electronic states 
generated during electrochemical cycling. In this work, ex situ variable-temperature 
(10-300 K), variable-frequency (9-442 GHz) EPR was carried out to extract the g-
tensors, linewidths, and metallicity of charged graphite at 4 different stages (from least 
to fully lithiated). We show that at high frequency (>300 GHz), the increased resolution 
offered by EPR enables up to three different axial environments to be observed, 
revealing heterogeneity within the graphite particles and the presence of hyperfine 
coupling to 7Li. Importantly, our work demonstrates the power of EPR spectroscopy in 
investigating the local electronic structure of graphite on cycling, paving the way for 
this technique as a tool for screening and investigating novel materials for use in 
lithium-ion batteries. 
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Solid-state chemistry research makes heavy use of simulations in which extended 
systems are represented by a crystalline unit cell and periodic boundary conditions. 
For the evaluation of ground-state forces, optical properties and thermodynamic 
potentials expensive or diverging real-space expansions can be replaced by 
manageable reciprocal-space integrals. However, ensuring numerical convergence of 
these Brillouin-zone (BZ) summations can be tricky. The most popular sampling 
scheme, supported by almost every periodic quantum chemistry or lattice dynamics 
code, is regular grid sampling along Monkhorst-Pack divisions or with an additional 
shift to include or exclude the Gamma-point. This has been extended in a generalised 
approach by allowing alternative basis vectors to be considered in order to minimise 
the number of required samples at a given level of packing after symmetry operations 
are considered.1,2 
Outside of computational materials science, Monte Carlo sampling (using random 
numbers) and Quasi-Monte Carlo (QMC) sampling (using number sequences with 
suitable sampling properties) are applied to a range of difficult sampling problems. 
Quasi-random sampling schemes have already been applied successfully to spherical 
averaging for simulation of inelastic neutron scattering spectra from powders.3,4 When 
applying such schemes to BZ integration, the number of samples cannot be symmetry-
reduced at all – but every sample adds new information to the averages. In this work 
we examine the performance of these schemes for a variety of density-functional 
theory and lattice dynamics calculations, finding that in many cases the QMC sampling 
converges smoothly and quickly compared to traditional methods. Simplified sampling 
schemes and uncertainty analysis have potential applications in high-throughput 
studies and in improving the usability of simulation methods for non-specialists. 

References 
1 J. Moreno and J. M. Soler, Physical Review B, 1992, 45, 13891. 
2 W. S. Morgan, J. J. Jorgensen, B. C. Hess and G. L. W. Hart, Computational Materials 
Science, 2018, 153, 424. 
3 S. Toth, W. Wu, D. T. Adroja, S. Rayaprol and E. V. Sampathkumaran, Physical Review B, 
2016, 93, 174422. 
4 R. Fair, A. J. Jackson, D. Voneshen, D. Jochym, D. Le, K. Refson, T. G. Perring, Journal of 
Applied Crystallography, 2022 (Accepted) 

 



Cobalt substitution in beta-tricalcium phosphate for biomaterial applications  

Chandrakant Jadhav,1,2 Jo Duncan,1,2 Iain Gibson1,3 Jan Skakle.1,2 
1 Department of Chemistry, University of Aberdeen, Aberdeen AB24 3UE, Scotland 

UK 
2 Department of Physics, University of Aberdeen, Aberdeen AB24 3UE, Scotland UK 

3 Institute of Medical Sciences, University of Aberdeen, Aberdeen AB22 ZD, 
Scotland UK 

 

β-tricalcium phosphate (β-Ca3(PO4)2; β-TCP) is an essential reactant phase in one of 
the most prevalent calcium phosphate cement (CPC) systems. These cements are 
extensively used in orthopaedic surgery to repair bone. β-TCP may undergo cationic 
substitution (Ca2+) with a wide range of ions including monovalent (Na+, K+)1, divalent 
(Sr2+, Zn2+)2 and trivalent (Fe3+, Ga3+)3 cations in its lattice without significant structural 
distortion Substituting Mg or small amounts of monovalent ions has been shown to 
improve the mechanical strength of β-TCP4 
Cobalt ions incorporated into inorganic biomaterials have been shown to have 
angiogenic and antimicrobial properties; they stimulate blood vessel formation and 
inhibit bacteria, respectively. These properties can play an important role in bone 
substitute materials. However, the cobalt content must be controlled since high 
concentrations are toxic5. 
In this study, we investigated the substitution limit of Co-β-TCP synthesised by the 
solid-state method using XRD, FTIR, UV-VIS, SEM and EDX.  β-TCP with different 
amounts of Co2+ were synthesised and XRD showed a secondary phase appearing 
above x=0.4, Up to this level, unit cell parameters a and volume V decreased linearly, 
however unit cell parameter c decreased linearly up to x~0.3 and then increased up 
to x~0.5 after which it remained constant, indicating the limit of the solid solution. 
The crystal structure was refined using GSAS-2. β-TCP has a relatively large 
hexagonal structure; there are 5 unique Ca sites, 3 P sites and 18 O sites. Co2+ was 
shown to be preferentially incorporated at the Ca(5) side as indicated initially by Uiso 
values and then by refining the occupancy.  This is similar to what is observed in the 
Cu system. 
Bond Valence Sum (BVS) calculations shows good agreement with previously 
reported results for undoped β-TCP6. BVS for Co2+-substituted β-TCP compounds 
were studied, which shows significant variation on Ca(5) site as Co2+ ions substitute 
preferentially on that site. Ellipsoidal analysis using PIEFACE7 from β-TCP and its 
compositions with cobalt shows the highest distortion on Ca(5) and  Ca(4) sites.  
FTIR analysis showed that cobalt substitution generally resulted in a decrease in 
resolution of the phosphate bands, and a peak shift of some of the 3 bands to lower 
wavenumbers.  
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Transparent conducting oxides (TCOs) are a unique class of oxide materials that 
exhibit both transparency and electronic conductivity simultaneously. Thermoelectrics 
(TEs) are a class of materials that can directly convert heat and electricity mutually. 
Their Seebeck effect allow thermoelectric devices to recover waste heat and convert 
it into electrical power. The discovery of high performance transparent thermoelectric 
materials can potentially develop novel applications such as smart windows and 
screens with energy harvesting, cooling, and thermal sensing functionalities. 

In this project, NaGeSbO5 was chosen due to its complex crystal structure, which 
normally yields low lattice thermal conductivities, and the (n-1)d10ns0sp0 electronic 
configuration of Ge(IV) and Sb(V) which should yield a dispersive conduction band 
minimum, similar to the known TCOs. State-of-the-art ab initio calculations were 
performed using the VASP code to understand its thermoelectric ability. We firstly 
calculated the thermodynamic stability versus known compounds within Na-Ge-Sb-O 
phase space using CPLAP,[1] we studied the geometry and band structure of 
NaGeSbO5 and found its band gap is wide enough to ensure optical transparency. 
Following this, we calculated its phonon band structure using phonopy [2] and its 
electron transport properties using AMSET.[3] We also calculated the band alignment 
to test the doping preference of the material using SURFAXE.[4] In the future, we will 
continue to study its lattice thermal conductivity, predict the figure of merit ZT and 
investigate the defect chemistry. 
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Although lithium-ion batteries (LIBs) have been recognised as high energy density and 
durable energy storage devices, the scarcity of lithium resources and potential safety 
issues originating from dendrite growth and thermal runaway are causes for concern.1-

2 By contrast to lithium, magnesium resources are relatively abundant and so novel 
magnesium-ion batteries (MIBs), which can operate safely (due to dendrite-free Mg 
plating) and in principle carry twice as much charge, have been proposed to 
supplement and/or replace LIBs.3-4 If MIBs are to be seriously considered for next-
generation energy storage then a number of major obstacles need to be overcome. 
The lack of reversible cathode materials with sufficient capacity and cycle life is one 
of these challenges. 

We have investigated vertically stacked vanadium molybdenum sulfide (VMS) 
nanosheets towards the design of a new cathode material for MIBs. The material is 
synthesised via a simple hydrothermal reaction followed by a mild heat treatment. The 
structure, electrochemical performance, and Mg2+ cation storage mechanism of the 
VMS nanosheets were studied (Figure 1). The material features improved electronic 
conductivity via vanadium integration within molybdenum disulfide nanostructures. 
Moreover, improved Mg2+ cation diffusion can be achieved via electrolyte-additive-
induced interlayer expansion. As a result, the VMS nanosheets are capable of 
exhibiting capacities of 211.3 mA h g-1 and 144.5 mA h g-1 at current densities of 100 
mA g-1 and 1000 mA g-1, respectively. The VMS nanosheets also demonstrate long-
term cycling stability, retaining 82.7 % of the maximum capacity after 500 cycles at a 
current density of 1000 mA h g-1. These results suggest that VMS nanosheets could 
be promising candidates for high-performance cathodes in MIBs. 

 

 

Figure 1. (a) X-ray diffraction patterns of VMS, VS2, and MoS2, (b) scanning electron microscopy image 
of VMS, and (c) galvanostatic cycling performance of VMS, VS2, and MoS2 at a current density of 100 

mA g-1.  
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Low-cost, non-toxic and earth-abundant photovoltaic materials are a long-sought 
target in the solar cell research community. Perovskite-inspired materials have 
emerged as promising candidates for this goal, with researchers employing materials 
design strategies including structural, dimensional and compositional transformations 
to avoid the use of rare and toxic elemental constituents, while attempting to maintain 
high optoelectronic performance.1,2  

These strategies have recently been invoked to propose Ti-based vacancy-ordered 
halide perovskites (A TiX ; A = CH NH , Cs, Rb, K; X = I, Br, Cl) for photovoltaic 
operation,3-5 following the initial promise of Cs SnX  compounds. Theoretical 
investigations of these materials, however, consistently overestimate their band gaps 
– a fundamental property for photovoltaic applications.  

Here,6 we reveal strong excitonic effects as the origin of this discrepancy between 
theory and experiment; a consequence of both low structural dimensionality and band 
localization. These findings have vital implications for the optoelectronic application of 
these compounds, while also highlighting the importance of frontier-orbital character 
for chemical substitution in materials design strategies. This work reveals the critical 
role of cation disorder in the photovoltaic performance of these systems, alongside 
key considerations for future research in this area. 
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Layered cuprates such as YBa2Cu3O7-x exhibit unconventional high-temperature 
superconductivity as a result of the CuO2 square planes within their crystal structures. 
Recently, superconductivity has been discovered in the layered oxypnictides 
BaTi2Bi2O and BaTi2Sb2O which contain “anti-CuO2” transition metal-oxide square 
layers, i.e. Ti2O.1 Doping of these materials on the Ba site enhances Tc,1 which led 
researchers to investigate other ways to apply chemical pressure to these systems 
through isovalent or aliovalent substitution. In this way, five transition metal 
oxychalcogenides containing an M2O square net were discovered with the general 
formula AM2Q2O where A is an alkali metal (K, Rb or Cs), M is a transition metal (Ti 
or V), and Q is a chalcogen (S, Se or Te).2-6 The transition metal cations have average 
oxidation state +2.5 on a single crystallographic site, producing metallic conductivity 
and temperature-independent paramagnetism. Here we report the solid-state 
synthesis and characterisation of the remaining thirteen compositions in the AM2Q2O 
structural family, Fig. 1. We also present initial results on a novel van der Waals 
layered material, Ti2Te2O, synthesised via a soft chemical approach. 

 

Fig. 1. Lattice parameters of the AM2Q2O compounds where A is an alkali metal (K, 
Rb or Cs), M is a transition metal (Ti or V), and Q is a chalcogen (S, Se or Te). Inset: 
unit cell of AM2Q2O. 
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Metal-organic framework (MOF) glasses are emerging as distinct category of metallic, 
organic and inorganic glasses. MOF glasses are amorphous solids, which are induced 
mainly by the structural collapse of crystalline MOFs via melt-quenching, heating, 
high-pressure or mechanochemical methods. Reports of the direct-synthesis of MOF 
glasses are limited. Zhao et al., reported the transparent glassy titanium-based MOFs, 
which were synthesized by dissolving the titanium nodes and organic linker in the 
solvent modulator to form a liquid, and following removal of the solvent from the liquid 
via evaporation.1  

The synthesis pathway is similar to the inorganic sol-gel process, in that a network is 
formed in solution and the configurational freedom decreases by removal of the 
solvent. In the case of sol-gel process derived silica-based glasses, further 
densification occurs on calcination, resulting in the gel to glass conversion. In the 
densification process of silica-based glasses, structural relaxation and polymerization 
occur simultaneously, making it difficult to observe the glass transition endotherm of 
the gels, while the glass transition behaviour can be observed once the material is 
fully densified.2  

The glass transition behaviour of directly synthesized glassy titanium-based MOFs 
itself has not been reported so far for similar difficulty in characterization. In this study, 
we synthesized transparent glassy MOFs, based on the literature1 and 
thermogravimetric analysis and different scanning calorimetry analysis were 
performed to evaluate the thermal properties of glassy MOFs. The glassy titanium-
based MOFs showed gradual mass losses at relatively low temperatures, and it is 
indicated that the temperature of structural relaxation and polymerization / thermal 
degradation might overlap. Therefore, fast scanning calorimetry was used to attempt 
to analyse the glass transition behaviour. Through fast heating rates, the sample can 
be heated up to high temperatures for a short time; thus, it is expected to avoid thermal 
decomposition, which might affect the observation of glass transition behavior. This 
method has been used to observe the glass transition temperature of polymers with 
intrinsic microporosity (PIMs) with a small number of conformational degrees of 
freedom.3 By using fast scanning calorimetry, we were able to observe the glass 
transition behavior. Further understanding of the thermal property of MOF glasses, 
which are synthesized at low temperatures, may be useful to envision several 
applications such as gas separation membranes. 
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Volatile fission products (Kr, Xe, Br, I, Te, Rb and Cs) formed during normal reactor 
operation initially occupy defect sites and affect the performance of nuclear fuel, 
particularly at high levels of burn up.1 Using spin polarised density functional theory, 
we examined the incorporation of volatile fission products in a range of interstitial and 
defect sites in UN and PuN. These were compared to equivalent results for UO2 and 
PuO2. Both Kr and Xe exhibit endothermic incorporation energies at all defect sites in 
nitrides.2 The least unfavourable site for all fission products is the di-vacancy cluster 
(since it has the greatest volume). There is a preference for the accommodation of 
fission products, with the exception of Te, in PuN than UN. Considerable differences 
were noted in the incorporation between oxides and nitrides leading to distinct fission 
product retention behaviour.2 Specifically, both Kr and Xe are considerably less 
unfavourable in the oxides than nitrides. The same preference in the oxides is 
predicted for I and especially Rb and Cs and to a lesser extend Br.2 While Te shows 
a preference for PuN over PuO2, there is a small preference for UO2 over UN.  
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Transparent conducting oxides (TCOs) uniquely display optical transparency and 
electrical conductivity in a single material, enabling them indispensable in modern 
optoelectronics and power electronics applications [1]. However, a heavy dependence 
on a small number of post- transition metal TCOs places limitations on the number 
and type of devices that they can support. Therefore, discovering more wide band gap 
(WBG) oxides that can be doped to display metallic conductivity is a great challenge 
in the field. 

Herein, we use density functional theory to explore an underexplored binary post-
transition metal oxide Sb2O5. We determine the most suitable functional for 
calculations by comparing the relaxed crystal structures, electronic structures, and 
optical absorption spectra [2]. We use the hybrid functional PBE0 to illustrate the 
thermodynamic stabilities of the competing phases. We carry out charge transport 
properties using the AMSET code where the carrier mobility and scattering rates can 
be determined from first principles calculations [3]. In addition, we aim to present a 
defect analysis and identify the defect that can achieve maximum conductivity in 
Sb2O5. 
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One of the major contributors to the XPS lineshape is thermal broadening of the 
ground state, in addition to the linewidth of the exciting radiation, the spectrometer 
resolution, hole lifetime in the sample, inelastic scattering of photoelectrons and final 
state effects.1 The effect of thermal broadening on the linewidth of core level and 
valence band spectra was explored for the series of bismuth oxy halides; an emerging 
class of materials exhibiting photocatalytic properties:2 BiOCl, BiOBr and BiOI and 
related compounds. Variation in temperature from -100 °C to +100 °C led to changes 
in the linewidths for both core level and valence band spectra depending on the halide 
ion.  

Interpretation of the valence band region was supported by theoretical spectra, 
simulated using density functional theory. To compare with the experimental spectra, 
the calculated density of states were corrected using photoionization cross-section 
parameters, a zero-point binding energy shift was applied to bring the DFT and XPS 
spectra into alignment, and Gaussian and Lorentzian spectral broadening was 
applied. The thermal broadening contribution to the total broadening of the theoretical 
DoS was estimated by fitting the simulated and experimental spectra. 
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Polytypes formed during the growth of metal halide perovskites can give rise to the 
formation of impurity face-sharing sequences in a corner-sharing network. Here, the 
electronic influences of such phases are found to be closely correlated with the ratio 
and stacking sequence of the face-sharing layers. The band gaps of polytypes feature 
a characteristic evolution from indirect to direct band gap from pure hexagonal phase 
to pure cubic phase. Rather than arising from the orbital mixing at the atomic level, a 
strong band gap bowing factor of 1.96 eV was attributed to the long range electronic 
interaction between the octahedral building blocks. While retaining a high carrier 
velocity, Fermi surface analysis further revealed a decrease of dimensionality from 3D 
to 2D in frequently observed polytypes, indicating a carrier blocking and anisotropic 
carrier transport effect of the as-formed hexagonal impurity phases.      
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Hybrid lead halide perovskite materials with an empirical formula of ABX3 have 
attracted great interest in the solar energy conversion community, because of their 
high power conversion efficiency, relatively low processing cost, and potential to be 
employed in tandem solar cells due to band gap tunability1. However, there are still 
several major challenges to be tackled before their commercialisation, the first of 
which is its phase instability under ambient temperature with an undesired phase 
transition into low-efficiency phases. Molecular dynamics (MD) is a natural choice for 
simulating these phase transition behaviours at the atomic scale, and the recent 
emergence of machine learning potential (MLP) methods enables large-scale MD 
simulation with density functional theory level accuracy. This work utilised an existing 
kernel-based machine learning force field method2 to produce MD trajectories, and 
developed a quantitative analysis method to study the dynamic properties of three 
lead halide perovskite materials with Cs, methylammonium (MA) and formamidinium 
(FA) A-sites. The dynamic analysis covers a wide variety of properties, including 
pseudo-cubic lattice parameters, octahedral tilting and distortion, molecular 
orientation and displacement, as well as the spatial correlation of these properties. A 
spontaneous tilting pattern is found in the alpha phase of MA-containing compounds, 
that is not discovered in the other two materials. This tilting behaviour distinguishes 
MAPbI3 from the other two perovskites, which do not possess stable black phase at 
room temperature.3 This combination of MLP methods with dynamic property analysis 
has shown great potential on studying realistic behaviours of perovskite materials and 
is easily transferable to more complicated structures.  
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In the past decade, both inorganic and organic-inorganic hybrid halide perovskites 
have generated immense research interest for application in optoelectronic devices 
because of their favourable electronic structure, structural tunability and low cost of 
fabrication.1 B-site vacancy ordered halide perovskite, with general formula A□nB(II)’1-

3nB(III)2nX3 (n represents the fraction of vacancies per perovskite formula unit), was re-
visited to investigate the relationship between the crystal and electronic structure. 
Typical studies involving n = 0.25 Cs4CuSb2Cl12 and n = 0.33 Cs3Sb2Cl9 demonstrated 
the potential application in the fabrication of solar cell absorber and photodetector 
device.2, 3 By varying n, a series of potential new compounds and structures with 
varying octahedral connectivity can be generated and which is dependent on the 
extent and configuration of vacancy distribution as well as the AX3 packing sequence 
of the lattice. 
In this work, we report a synthesis of one-dimensional, n = 0.3 vacancy-ordered 
perovskite Cs10MnSb6Cl30 with a distinctive 10H-type structure and (hcccc)2 stacking 
sequence. The vacancy ordering at the B-site reduces the dimensionality to 1D 
resulting in enhanced photoluminescence in comparison to the previously reported 
25% vacancy-ordered 3C polytype Cs4MnSb2Cl12 with 2D connectivity.2 This work not 
only reports the existence of the 10H structure in halide perovskites but also 
demonstrates B-site deficiency and stacking sequence variation as a direction to tune 
the optical properties of perovskite polytypes via vacancy rearrangements. 

 
Figure 1 Schematic figure for the structural relationship between vacancy distribution 

and dimensionality in vacancy ordered halide perovskite 
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Li-ion batteries have transformed our daily life by acting as energy 
dense, rechargeable power sources for a wide range of electronic 
devices. Exploration of alternative energy materials are required to satisfy the current 
and future demands of renewable energy in grid storage and transport industry. Due 
to limitations on the supply, cobalt and nickel derived cathodes would face problems 
being applied on a larger scale. To address this challenge, as part of the FutureCat 
project, we are studying Fe-based cathode materials which could be used for large 
scale application and it would deliver high energy density owing to Fe3+/Fe4+ redox. 

Initially, we decided to stabilise the T-LiFeO2 structure by substituting Fe with Al and 
Ga keeping the atomic arrangements unaltered in the framework.  Previously, it was 
reported that during cycling a structural transformation took place forming the spinel 
LiFe5O8 phase, irreversible oxygen loss and capacity fading was also observed 
[1].  LiFe1-xMxO2 (M = Al, Ga) samples were prepared and subjected to chemical and 
electrochemical lithiation, and the effect on the structure, bonding, and oxidation state 
at various lithium contents was monitored with XRD, SXRD, XANES, titration, and 
SQUID measurements. The effect of Al and Ga pillaring the T-LiFeO2 structure during 
the chemical lithium insertion will be discussed in details in the presentation. 
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Multilayer ceramic capacitors (MLCCs) are used in large quantities in every electronic 
device and current global usage is of the order of 1014 parts per annum. With the 
growing complexity of modern technology, coupled with the drive towards 
electrification of transportation, the global demand for these devices is currently 
outstripping available supply and with no sign of slowing.1 Current MLCCs are based 
on ferroelectric barium titanate (BaTiO3). However, BaTiO3 exhibits a significant 
reduction in permittivity above its Curie temperature (TC ≈ 130 °C) and under high 
voltage (field) making it unsuitable for any applications requiring high temperatures 
and/or fields.2, 3 Ferroelectric and antiferroelectric tetragonal tungsten bronzes (TTBs), 
general formula A12A24B12B28O30, are a potential alternative which are currently being 
explored. Some TTBs show a temperature stable permittivity and also 
‘antiferroelectric-like’ hysteresis loops and due to their subtle structural distortions, 
selective doping can be used to manipulate their properties3-6 to achieve the high 
technical specifications needed for future devices.  
Two TTB families have been explored for these purposes: Ba4La0.67☐1.33Nb10O30

(BLN) and K2Pr0.75La0.25Nb5O30 (KPLN).3-5 The structural complexity of these materials 
require a suite of complementary techniques such as electron, neutron and 
synchrotron diffraction combined with dielectric, ferroelectric and second harmonic 
generation measurements in order to disentangle the composition-structure-property 
interrelationships. Initial results suggest that the complex electrical properties arise 
from locally competing structures associated with a flat energy landscape.  

Figure 1 – The % change in capacitance with varying temperature (left) and field 

(right) of conventional barium titanate (blue) and the potential alternative TTBs (red). 
Schematics of the corresponding TTB crystal structures are also shown.5
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Multiferroic materials that have multiple order parameters co-existing in a single phase 
and exhibit magnetoelectric (ME) coupling have attracted great interest in the scientific 
community. For these materials, the magnetic properties and electric polarisation are 
coupled, resulting in interesting, complex magnetic states with potential applications 
in areas of quantum computers and spintronics. 
 
The polar hexagonal (S = 5/2) layered oxide Mn2Mo3O8 is an example of a material 
that exhibits large ME coupling that would benefit emerging technological devices. The 
material crystallises in P63mc and is composed of magnetic Mn2+ honeycomb sheets, 
separated by trimerised Mo4+ Kagomé-like layers. The magnetic behaviour is driven 
solely by the honeycomb layer, with little to no contribution from the Mo4+ trimers. This 
results in an easy-axis-type ferrimagnetic ground state below Tc = 41 K1. However, a 
full understanding of the structural and magnetic behaviour of Mn2Mo3O8, including 
when the honeycomb lattice is doped with other 3d transition metals, remains limited 
2–4.  
 
This discussion will focus primarily on the structure-property correlations within 
Mn2Mo3O8, including the effect of doping with 3d transition metals. From these studies, 
it becomes possible to understand the stability of the magnetic interactions within the 
honeycomb motif and explore possible geometric magnetic frustration. 
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The practical use of metal hydrides for hydrogen storage is restricted/dictated by their intrinsic 
properties. It is therefore vital to understand the relationship between structure and properties 
for these materials as therein lies the foundation for their development to meet the criteria for 
hydrogen storage. Ca-Mg-H materials are among the few bimetallic s-block hydrides to show 
promise as solid-state stores, with attractive gravimetric and volumetric capacity and good 
cyclability. Therefore,  research on these light 
metal systems is now focused on destabilisation 
to tackle kinetic / thermodynamic issues of 
hydrogen release. For ternary systems 
containing Ca, Mg and H, only two phases have 
been identified so far: cubic Ca19Mg8H54 and 
hexagonal Ca4Mg3H14

1. Previous syntheses of 
these compounds have required high pressure 
hydrogen, but in this work, we describe how 
both Ca19Mg8H54 and Ca4Mg3H14 can be 
synthesised mechanochemically from the binary 
hydrides without hydrogen gas. 
PXD of our mechanochemically-synthesised 4:3 
Ca:Mg crystalline sample showed a main ternary 
phase isostructural to the well-known cubic 
Ca19Mg8H54

2. However, research in the group has 
shown that Ca19Mg8H54 is not a line phase and that the complex cubic structure can tolerate 
variable metal content.3 Rietveld refinement against lab PXD data of the 4:3 sample revealed 
the main cubic phase to have a composition of Ca14.5Mg12.5H54, extending the possible 
stoichiometries of the cubic Ca-Mg-H phase still further.  
We seek to arrive at a better understanding of the processes preceding, during and following 
dehydrogenation so thermogravimetric-differential thermal analysis (TG-DTA) under Ar was 
followed ex-situ by PXD and Rietveld refinement. Thermal analysis and subsequent structure 
refinement of the 4:3 sample heated to 225 °C revealed the coexistence of a Ca19Mg8H54-type 
phase and a hexagonal Ca4Mg3H14-type phase prior to dehydrogenation. This indicates that the 
mechanochemically synthesised material first emerges as a cubic phase and then converts to 
the hexagonal phase at elevated temperatures. It therefore seems increasingly likely that 
Ca4Mg3H14 is a metastable hydride. We are investigating the conditions for the formation and 
growth of this phase and with the aim of testing the flexibility for non-stoichiometry in the 
hexagonal structure (as we have seen with the Ca19Mg8H54 phase). As we develop a more 
comprehensive understanding of this system, our strategy will pave the way for methods such 
as doping, substitution and catalysis towards optimising this material as a reversible solid-state 
hydrogen store. 
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ABO3 perovskites have been a prominent area of research for many years for their 
ability to incorporate different cation valances and ionic radii. 6H Ba3BRu2O9 
perovskites that form a hexagonal P63/mmc space group have already been explored 
for their novel quantum magnetic properties arising from dimer formation. High-
pressure high-temperature treatment can be used to induce a transformation to a 
trigonal P-3m1 (Ba3SrTa2O9 - type) structure1. When synthesised using a divalent B 
cation, the different cation charge and ionic radii of the B site cations can induce cation 
ordered layers of BO6 and RuO6 dimers in a 1:2 ratio, generating a honeycomb lattice 
of magnetic cations, often referred to as 3C1:2 materials. Currently there is great 
interest in Ru materials a honeycomb lattice as they are predicted to form a topological 
quantum spin liquid2. 
We have explored the 3C1:2 Ba3BRu2O9 perovskites and successfully synthesised 
polycrystalline B = Ca and Mg analogues from the corresponding hexagonal 
precursor. Lab XRD data shows full 1:2 B site ordering of the Ca sample and 
approximately 5:10 % site disorder with B = Mg sample. The magnetic properties for 
both samples show very promising quantum spin liquid behaviour, magnetisation 
shows no magnetic order transitions or hysteresis down to 2K, and an effective 
paramagnetic moments of around 1.0 B/Ru5+, much reduced from the spin only 
moment of 3.87 B. Heat capacity down to 50 mK further supported the absence of any 
ordering, and integration of Cmag/T shows that the S =  Ru5+ spin entropy for 3C1:2-
Ba3CaRu2O9 is released up to  approximately 80 K, which is in keeping the Weiss 
temperature of –35 K. Powder neutron diffraction confirmed that there was no long 
range ordering or structural transitions down to 1.5 K in both samples. The low 
magnetic moment and apparent dynamic nature of the ground state make these 
materials promising quantum spin liquid candidates. 

  
 
 
 
 
 
 
 
 
 
 

 Figure 1: (left) Hexagonal perovskite (space group P63/mmc) (right) transformed 
3C1:2

 cation ordered perovskite (space group P-3m1) using high pressure. 
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NaNiO2 is a layered oxide material consisting of alternating layers of edge-sharing 
Ni3+O6 and NaO6 octahedra, with individual cation layers forming a triangular lattice. 
At high temperatures, its average crystal structure from diffraction is rhombohedral, 
but cooling below 480 K gives rise to a Jahn-Teller-driven monoclinic distortion in 
which individual NiO6 octahedra are all elongated along a parallel axis.  

Previous studies on the perovskite-like LaMnO3 [1] have indicated that the Jahn-Teller 
distortion in this compound persists locally even at temperatures above which the 
distortion is not present in the average crystal structure (i.e. from diffraction). This is 
described as an order-disorder transition. There has been recent work speculating on 
whether there is a similar character to the transition in NaNiO2 [2]. In this work we 
present the results of neutron Pair Distribution Function and X-ray Absorption 
Spectroscopy as a function of temperature through the Jahn-Teller suppression, and 
we elucidate the nature of this transition in NaNiO2 at a local scale. We find that there 
is no detectable local Jahn-Teller distortion above this temperature, suggesting that 
the transition has displacive character as opposed to order-disorder.  
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Particularly in the areas of photovoltaics, piezoelectrics, and thermoelectrics, there 
exists a range of high-performance materials that also contain the toxic element, 
lead.1-3 Most famously is MAPbI3, which has a photovoltaic conversion efficiency of 
>20%, but is also toxic and unstable.1 One potential approach to remove the lead 
from MAPbI3 is to substitute the Pb(II) for non-toxic Bi(III), and then substitute a 
single 1- halide for a 2- chalcogenide anion to charge balance. Despite the relative 
simplicity of this idea, the hypothetical material “MABiI2Ch (Ch = S, Se, Te)” has not 
yet been synthesised.4 

There are however, known materials that could be considered lead-free analogues 
of each other which utilise this exact approach, for example BiPbO2Cl and Bi2O2Se. 
With this in mind, we explored a range of other potential new lead-free materials 
through the substitution of Pb(II) for Bi(III) alongside the diverse range of bonding 
environments provided by the use of multiple anions. 

In doing so, we discover the previously un-reported materials Bi8CsO8SeX7 (X = Cl 
and Br). These layered mixed anion materials have van der Waals gaps and rattling 
Cs+ cations resulting in ultra-low thermal conductivities. In this talk, we will discuss 
how these materials were synthesised and their structures characterised. We will 
also review their properties and explore some potential applications. 

 

 

Figure 1: Some materials can be considered Pb-free analogues by simultaneous 
Pb/Bi and halogen/chalcogenide substitutions, however not all can be synthesised. 
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Metal chalcogenides have seen renewed interest in recent years with the hope that they will 
deliver stable, non-toxic thin-film solar cells with efficiencies that can match silicon and halide 
perovskite-based devices.[1] To this end we have begun an initial investigation into the 
electronic and optical properties of Cu2SiSe3, and it has shown initial promise as a 
photovoltaic absorber with a calculated band gap of ~1.52 eV and a maximum efficiency of 
30% for a 1.5 mm film.  

However, a promising band gap and absorption coefficient is not sufficient to determine if a 
new material will achieve high efficiencies in devices. Non-radiative recombination 
processes, driven by defect states in the band gap, can drastically reduce carrier lifetimes, 
and thus performance.[2] Therefore, in this project we investigate all potential intrinsic defects 
in Cu2SiSe3 to determine how they may affect carrier lifetimes and thus device performance.  
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Modelling Niobium based Solid Electrolytes for Lithium-ion Batteries 
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In an effort to create an all-solid state lithium-ion battery, a Niobium based gar- net 
material (Li5La3Nb2O12, LLNO) is a promising alternative to the common Zirconium 
based solid electrolyte. Niobium normally exhibits oxidation states ranging from +3 to 
+5. This virtue alone makes Niobium a challenging element to model theoretically as 
a main component element or as a main doping element.  

There are a few papers that experimentally introduce LLNO as a viable solid 
electrolyte and shows that the addition of external defects improves the energy 
density and electrochemical performance of the battery. However, it is shown that 
the unit cell of LLNO varies depending on the preparation technique and the type of 
external defect used; making this a controversial material. To this day there are no 
modelling papers on a pure LLNO material.  

In this talk, I will show theoretically that pure LLNO adopts a cubic crystal system of 
around 12.75 ̊A supported by Bo et al.1. I will also show that using Zinc and Titanium 
as a dopants is more favourable on the Niobium site than on the Lanthanum site but 
still maintains its cubic crystal system.  

References 

1 

 

  

 

 

 

  

  





Characterisation of Ceria and Ceria-Zirconia Materials  

Using Advanced Analytical Techniques 

Jacob A Oyarzabal,1 Loredana Mantarosie,2 David Thomsett,2  

Martin R Lees3 and Richard I Walton.1 
1Department of Chemistry, University of Warwick, CV4 7AL, United Kingdom, 

2 Johnson Matthey Technology Centre, Blounts Court, Sonning Common, Reading, 
RG4 9NH, 

3 Department of Physics, University of Warwick, CV4 7AL, United Kingdom 

 

Given the effect greenhouse gases have on our climate which are fuelling the current 
climate crisis, methods of reducing greenhouse gas emissions are of key importance. 
The use of heterogeneous catalysts is one such method, utilised in a wide array of 
different settings, all with the aim of turning harmful gases into something less 
polluting. One of the most commonly used, and industrially relevant, of these materials 
are ceria and ceria-based materials. The redox chemistry of cerium allows these 
materials to be used for oxygen storage in applications such as the three-way catalytic 
converter, which help to reduce emissions from vehicles.1 
 
The aim of this project is to use probes of paramagnetism in the solid state to 
characterise heterogeneous catalysts: this will include magnetic measurements with 
variable field and temperature, and electron spin resonance spectroscopy. The results 
will be combined with data from diffraction and X-ray spectroscopy to gain new insights 
into the local structures of industrially relevant catalysts.  
 
By use of SQUID magnetometry it has been shown that, as expected, the ceria and 
ceria-zirconia materials are largely diamagnetic, however at low temperatures a Curie-
Weiss-like tail is observed. This is indicative of a small amount of paramagnetism 
within the sample, which has been shown by EPR spectroscopy. This is interpreted 
as being due to small concentrations of cerium(III) within the materials, which are at 
too low a level to be seen by cerium LIII-edge XANES spectroscopy. Cerium K-edge 
EXAFS has been used to investigate the local structure of these ceria and ceria-
zirconia materials to examine the possibility of local ordering of Ce and Zr in the ternary 
materials. 
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Design Principles for Grain Boundaries in Solid-State Lithium-Ion Conductors 
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Solid-state lithium-ion batteries promise high energy densities and excellent 
safety, but there are many challenges to overcome before these goals can be 
realised. Crucial to the operation of solid-state batteries is the solid electrolyte, 
which must be able to compete with more traditional liquid electrolytes. Solid 
electrolytes are typically produced through the sintering of powders, meaning 
that grain boundaries are highly prevalent and should be expected to have 
profound effects on the performance of a device across its lifetime. These 
effects might include a reduction in efficiency through decreased ionic 
conductivity, or even device failure through encouraging the formation of 
dendrites. Experimental studies on polycrystalline materials are notoriously 
difficult to perform and interpret, so computational techniques are invaluable 
for providing insight at the atomic scale.  
We carry out first-principles calculations on grain boundaries in four archetypal 
examples of materials in different classes of solid electrolytes, namely, an oxide 
antiperovskite (Li3OCl) and its hydroxide counterpart (Li2OHCl), a polyanionic 
sulfide (Li3PS4) and a distorted rock-salt halide (Li3InCl6). By performing ab-
initio molecular dynamics on the bulk and grain boundaries of each material, 
we demonstrate the differing impacts that grain boundaries have on ionic 
mobility in each class of material. Even where grain boundaries do not 
significantly impact ionic conductivity, we consider to what degree 
perturbations to the electronic structure, such as narrowed band gaps and the 
presence of charge traps, should be expected to contribute to undesirable 
electrical conductivity and to dendrite formation. These results highlight 
important aspects of grain boundaries that must be considered when 
engineering solid electrolyte materials. 
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A new lithium ion conductor LiTa2PO8 (LTPO) was synthesized in 2018.1 LTPO shows 
excellent ionic conductivity (σbulk = 1.6  10-3 S cm-1, σtotal = 2.5  10-4 S cm-1) at room 
temperature.1 The promising conductivity relates to the crystal structure of LTPO. In 
the structure, three distinct Ta atoms are located in octahedral sites. There is one 
crytallographically distinct P atom forming a PO4 tetrahedron. The TaO6 and PO4 
polyhedra form a 3D framework, with Li ions disordered over 3 cryatallographic sites. 
According to Kim et al,1 a 3D pathway generated by the polyhedra may make Li ions 
move more easily resulting in high conductivity. According to DFT calculations and 
AIMI simulations by Hussain et al,2 the diffusion activation energy is only 0.16 eV. With 
a quasi-two-dimensional (2D) honeycomb Li diffusion network, the intrinsic ionic 
conductivity of LTPO is predicted to be up to 35.3 mS/cm at room temperature. That 
result is quite far from the experimental data. Besides improving the sintering process, 
more details on the local structure are needed. 

MAS-NMR characterization was carried out to study the phosphorous environment. 
Fig. 1a shows the 31P MAS-NMR spectrum and reveals a complex set of resonances. 
Modelling of the centre band resonances shows a diverse set the chemical 
environment confirming that the local structure of LTPO is more complex than the 
spatially averaged picture derived from the X-ray and neutron diffraction.  

The Nb-doped LTPO samples have also been prepared and characterised. While the 
structure of Nb-doped LTPO is indistinguishable from that of the unsubstituted system, 
the 31P MAS-NMR spectrum of Nb-LTPO looks quite different from that of pure LTPO. 
The centre band region is much simpler suggesting the phosphorous environment is 
more ordered. Impedance spectroscopy confirms that the conductivity of Nb-doped 
LTPO is equally high as in the parent LTPO.  

 

Fig 1 31P MAS-NMR spectra of (a) LTPO and (b) Nb doped LTPO 
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Trigonal selenium (c-Se) was the first material to exhibit the photovoltaic (PV) effect 
and has recently experience a renaissance in research interest due to its desirable 
properties (suitable band gap, high earth abundance, low temperature processing 
and ‘simple’ chemistry) and potential implementation in silicon tandem cells.1 Though 
cell efficiencies have improved much since 1883, c-Se lags behind leading 
technologies such as silicon and lead-halide perovskites.2  

 

In this work, we use hybrid density functional theory (DFT) to investigate crystalline 
selenium’s 5 known synthesisable polymorphs (trigonal, rhombohedral, β-
monoclinic, γ-monoclinic, δ-monoclinic) and determine the ideal phase for solar cell 
operation. Trigonal Se has the lowest direct band gap (1.904 eV with spin-orbit 
coupling) and highest charge carrier mobilities, allowing it to reach the highest 
efficiencies. Analysis of the optical response shows that c-Se has a theoretical upper 
limit to its efficiency as a single-junction solar absorber of 23% at a thickness of 2 
μm. We calculate the vacuum alignment of the electronic band edges, providing 
guidance for further optimisation of the absorber contact layers. In addition, we 
compute the formation energies and charge transition levels of all intrinsic point 
defects (vacancies and interstitials) at the hybrid DFT level, to characterise the 
defect chemistry and doping response in this material. 
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Most of the current commercial photovoltaic devices are exclusively formed by a single 
junction solar cells, independently on the used technology. This device configuration 
allows to achieve a maximum theoretical efficiency in the range of 30-33% depending 
on the used absorber material with an optimal band gap energy of 1.3 – 1.4 eV1,2. To 
achieve further cost reductions in thin film solar cell technologies, devise efficiencies 
must be increased beyond the single-junction limit. Therefore, there is an increasing 
interest in semiconductor materials which are potentially suitable for an application as 
absorber layer in the top cell of a tandem device with e. g. a silicon-based solar cell 
bottom cell. This requires from the top cell absorber a wider band gap in the range of 
1.7 eV. Furthermore, these absorber materials should have a high absorption 
coefficient for solar light and should contain only earth abundant and non-toxic 
elements.  
Quaternary chalcogenide semiconductors, like Cu2ZnSnS4, Cu2ZnGeS4, Cu2ZnGeSe4 
or Cu2ZnSiSe4 show high absorption coefficients, contain only earth abundant, non-
toxic elements and have band gap energies between 1.4 eV and 2.2 eV. In order to 
achieve absorber materials with the required band gap energy of 1.7 eV, cation and 
anion mutation is an established method for flexible band gap energy tuning. 
The formation of solid solution series of  compound semiconductors 
(B=Mn, Zn C=Si, Ge, Sn and X=S, Se) achieved by alloying (mutation) of cations and 
anions, poses some difficulties in case the end members of the series crystallize in 
different crystal structure types3. There are four different structure types possible: the 
stannite, the kesterite, the wurtz-stannite and the wurtz-kesterite structure, all based 
on corner sharing tetrahedra. Comparing these crystal structure types, the network of 
corner sharing tetrahedra is preserved but the symmetry decreases by tilting of the 
coordination polyhedra as well as shifting the cations and anions to more general 
positions. 
We performed a comprehensive study of solid solution series based on  
compounds to tune the band gap energy of the material to an optimal value. We have 
synthesized powder samples by solid state reaction and investigated the crystal 
structure of the mixed crystals by a combination of X-ray and neutron diffraction as 
well as Multiple Edge Anomalous Diffraction (MEAD)4. 
We can show that the transformation from the stannite to the kesterite type structure 
within a solid solution series is characterized by a cation re-distribution process. Thus, 
by tuning the band gap energy to the optimal value by alloying, the structural disorder 
in the material increases which might have negative influences on the solar cell 
efficiency. In case the end members crystallize in the kesterite and the wurtz-kesterite 
type structure a 2-phase region exists where two chemical identical mixed crystals but 
with different crystal structures coexist. Such compositional regions should be avoided 
in the application as absorber material, because these two phases will have different 
band gap energies which is detrimental for the solar cell efficiency. 
Carefull investigations of the crystal structure of the mixed crystals of a solid solutions 
series can avoid pitfalls of having a compound semiconductor with the optimal band 
gap energy value but exhibit properties detrimental for a solar cell application. 
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Intermetallics and toplogical materials are known to exhibit exotic properties like 
magnetism and superconductivity resulting from the interaction between crystal 
structure, magnetic structure and conduction electrons. By targeting the synthesis of 
new intermetallic materials, investigation of new quantum phenomena (such as Weyl 
semimetals, chiral metals or topological insulators) is possible which further enhances 
our understanding of fundamental chemistry and physics. Intermetallics also have 
wider industrial applications, some examples being low energy IT systems, electric 
generators and as permanent magnets used in the motor industry.   
In order to study these materials and their complex properties we need to grow and 
analyse suitable single crystals. Novel intermetallics are usually made of high melting 
point metals which require arc welding, high furnace temperatures and repeated 
grindings for synthesis. These are not ideal conditions for single crystal growth. We 
utilise low melting point metals that act as a solvent along with slow cooling in order 
to grow large enough crystals for measurements.1,2  
Here we present the structure, synthesis and physical properties of two novel 
intermetallic compounds in the Hf-M-Sn phase field (M = transition metal). The crystal 
structures of these new materials were unambiguously determined by single crystal 
X-ray diffraction and are analogous to the previously reported Hf9Fe4Sn10 single crystal 
phase.3 Detailed magnetic studies along with electron transport properties are 
presented, giving us a broad understanding of these novel materials.   
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Transition metal oxides based on the ABX3 perovskite structure are well known for 
their exotic magnetic and electronic properties. Prominent examples include colossal 
magnetoresistance in Ln1–xAxMnO3 (Ln = lanthanide, A = divalent metal) 1 and 
multiferroicity in TbMnO3 2. Such properties can arise in perovskite oxides as a direct 
consequence of the strong coupling between their lattice, magnetic, and electronic 
degrees of freedom, hence it is of wider interest to elucidate how this coupling may be 
exploited to engineer desirable properties into perovskite architectures. 
Recently, we have developed a group-theoretical approach to enumerating 
mechanisms of magnetoelectric coupling in perovskite materials 3. The approach 
parameterises degrees of freedom within the perovskite structure in terms of 
symmetry-adapted irreducible representations (irreps) of the cubic Pm3m aristotype. 
In this way, magnetoelectric coupling can be mapped on to the search for specific 
combinations of orderings transforming as irreps that can be engineered into a given 
structure. Based on this approach, we have identified the new perovskite composition 
CeBaMn2O6 as a promising prototype. This composition should possess the 
necessary combination of irreps to exhibit multiferroic order, namely: layered cation 
order on the A site; Pnma-like MnO6 octahedral tilting (Glazer notation: a–b+a–); and 
A-type antiferromagnetic order on the Mn site.  
Using high-pressure synthesis conditions, we have prepared CeBaMn2O6 for the first 
time. Surprisingly, Rietveld fits against high-resolution X-ray and powder neutron 
diffraction (PND) data show that, despite its low tolerance factor (t = 0.96), CeBaMn2O6 
retains Pm3m symmetry (Fig. 1a) upon cooling to 1.5 K. Large anisotropic 
displacement parameters on the O site at 1.5 K suggest there is some static tilting of 
the MnO6 octahedra. Upon cooling to 1.5 K, diffuse scattering emerges at 
approximately twice the cubic lattice parameter (d ≈ 7.8 Å, a ≈ 3.9 Å) at 1.5 K, 
consistent with magnetic scattering at the X-point (0 ½ 0). We surmise that cation 
disorder across the A site disrupts the wider degrees of freedom in the system such 
that the desired irreps cannot be distinguished from the average structure alone. We 
posit that post-synthetic modifications to promote A site ordering could allow for the 
desired irreps to be identified, providing proof of concept that group theoretical 
approaches may be exploited to design new multiferroic materials. 

 
Fig. 1. (a) Rietveld fit of the Pm3m structural model against laboratory XRD data. (b) 
Comparison of the PND data collected at 1.5 K and 300 K. The arrow highlights the 
X-point (0 ½ 0) where magnetic diffuse scattering emerges. 
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Thermoelectrics transform heat into electricity and vice versa, making them potentially 
valuable tools for the generation and recycling of clean, renewable energy. While 
progress has been made increasing their efficiency, measured by the dimensionless 
figure of merit, ZT, the best systems often contain rare or toxic elements, such as 
PbTe and Bi2Te3, which reduces their sustainable credentials. Furthermore, ZTs of n-
type thermoelectrics have lagged behind those of their p-type counterparts, but both 
n- and p-type thermoelectrics are needed for a working device. Conductive oxides 
have shown promise as potential thermoelectrics1 due to their strong electrical 
conductivity and high temperature stability, particularly ZnO, which has reached a ZT 
of 0.65 at 1000 K.2 As they are often hindered by their high thermal conductivity, 
nanostructuring has been extensively tested for overcoming this problem,3 but this 
limits the electrical conductivity as well as the thermal conductivity, reducing the 
potential ZT gains. 

Here we use hybrid density functional theory (DFT) to screen the anion mutated ZnO 
derivatives Zn2NX (X = Br, I)4 for thermoelectric properties. We analyse their thermal 
and electronic transport beyond the constant relaxation time approximation (CRT) 
using Phono3py5 and AMSET6 respectively. We show that anion mutation is a highly 
effective means to increase the scattering of phonons, and so reduce the lattice 
thermal conductivity, and also analyse the effect on several electronic scattering 
mechanisms. We find high electrical conductivity is inherited from their parent, ZnO, 
while the lattice thermal conductivity is greatly reduced, leading to greatly enhanced 
ZT. We then use these insights to assess the potential of the anion mutation method. 
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Disordered rock salt oxyfluoride cathode materials are perceived as excellent 
candidates for application as future lithium-ion cathode materials enabling chemistries 
beyond commercial layered Ni-Mn-Co technologies [1]. Disordered rock salt cathodes 
can possess long-range “0-TM” percolation networks, which allow for fast and facile 
lithium diffusion, ensuring a good rate capability and high capacity [2]. Any short-range 
order (SRO) observed in these materials is typically associated with a reduced 
connectivity of these 0-TM networks [3]. Suppressing SRO in disordered rock salt 
cathode materials is therefore crucial to maximising their performance. Alloying many 
transition metals together across the cation sublattice, creating so-called high-entropy 
rock salts, has been proposed as a method for minimising SRO [4, 5]. This approach 
is expected to improve Li transport through the bulk by supressing the formation of a 
single dominant SRO type by increasing competition between a larger number of 
transition metal species [6]. While the high-entropy cathode concept has been shown 
to have initial promise, typically studies on these materials have not gone far beyond 
“proof of concept” stages; a deeper understanding of the relationship between 
configurational entropy, compositional chemistry and SRO suppression is lacking. 
This poses an exciting materials design challenge which requires an understanding of 
the independent effects of the number and concentration of different transition metals 
on the cation sublattice and the fluorine content on the anion sublattice and how these 
variables combine to determine the observed SRO in as-synthesised cathode 
materials. An understanding of these different concepts will aid in identifying low-cost, 
high-entropy rock salt compositions which possess excellent electrochemical 
performance. In this work we use cluster-expansion parameterised Monte Carlo 
simulations to examine the connectivity of the Li percolation network when varying the 
composition of high-component DRX Li cathode materials. We reveal the relative 
importance of the specific composition of the system as compared to a general 
increase in the configurational entropy and derive design rules for performant many-
component disordered rock salt oxyfluoride cathode materials. 
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Long-term viability of Li-ion battery energy storage may be limited by global lithium 
reserves. Recently, sodium-ion batteries (NIBs) have garnered a great deal of 
attention, partially because of sodium’s natural abundance, its more even distribution 
across the earth and it costs less than lithium. NIBs are especially attractive for large-
scale energy storage systems where cost and life cycle are essential. To this end, 
Na2FePO4F has been a material of interest as a viable cathode material for sodium-
ion storage due to the high discharge voltage and favourable theoretical capacity.1 
Recent work has shown the potential for doping in Na2FePO4F cathodes to increase 
average e voltage, reduce band gap and Na-ion diffusion barrier.2 

In this work we will present work completed on computationally investigating 
Na2FePO4F using Density Functional Theory (DFT) with the periodic code, VASP 
(Vienna Ab Initio Simulation Package), and the hybrid HSE06 (Heyd-Scuseria-
Ernzerhof) functional.3 Here we elucidated the bulk geometric structure of the material 
through relaxation as well as the most stable magnetic configuration. The electronic 
structure of the material has also been examined with a Density of States (DOS) and 
band structure being obtained. In order to examine the defect landscape of the 
material effectively, the different stable phases of Na2FePO4F have been investigated. 
Calculating the phase stability of Na2FePO4F builds a foundation for a detailed 
understanding of its defect chemistry at given chemical potentials. 

The intrinsic vacancy defects for the Na2FePO4F system have been calculated with 
Hybrid DFT and the formation energies of these vacancies have been plotted at the 
systems relevant stability limits across its band gap. There has also been significant 
work completed on examining the manner of how localised charges form in these 
vacancies and how this affects their energies.  
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Magnesium presents a promising replacement to Lithium in Next Generation 
Rechargeable batteries. Cheaper, more abundant and safer than Li, Mg's divalence 
further promises the production of cells with higher gravimetric capacities. However, 
the technology is at an early stage of research with many issues still unresolved; 
including the lack of cathode candidates with sufficiently high operating voltages and 
favourable ionic kinetics.1 

A previous Bond Valence Sum (BVS) study identified the family of pyroborates MgxFe1-

xB2O5 as promising high voltage cathodes with percolating diffusion channels 
insensitive to ionic disorder and accessible at room temperature.2 We have 
synthesised MgFeB2O5 and characterised the crystal structure using refinement of 
Synchrotron PXRD data. Galvanostatic cycling of the cathode vs Li metal anode 
demonstrated capacities close to the maximum expected theoretical value of 294.9 
mAh g-1. A Variety of techniques such as XANES, XPS, Curie-Weiss fitting and SEM 
have been adopted to evaluate whether such promising capacities can be attributed 
to Mg2+ mobility within the cathode material.  
This work presents a thorough investigation of the electrochemical processes and 
structural properties that could accommodate for Mg ion removal from the host 
network of the MgFeB2O5 cathode. Merging solid state and electro- chemistry, we 
highlight the often overlooked complexity in probing Magnesium ionic motion, 
discussing the strengths and weaknesses of the techniques adopted so far in this 
study.  

 

Figure 1. (a) Refined crystal structure for MgFeB2O5 obtained from Rietveld refinement of Synchrotron 
PXRD, (b) galvanostatic cycling of coin cells at 55⁰C, (c) BVS map2  for the crystal structure highlighting 
the percolating diffusion channels and (d) illustrates robustness of the channels to disorder on the metal 
sites M1 and M2 through the parking lot analogy.2 
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Battery devices have infiltrated every aspect of our lives from hand held devices to 
vehicles. However conventional Li-ion technology makes use of a toxic flammable 
liquid electrolyte which raises a variety of safety concerns that could hinder the large 
scale adoption within several industries. Further limitations arise when considering the 
specific energy of a current Li-ion battery (246 Wh kg−1), which is significantly off the 
DoE target of 500 Wh kg−1 by 2030.  

Solid State batteries could overcome these challenges by using metallic lithium 
anodes rather than the intercalated graphite anodes currently used for Li-ion batteries. 
The theoretical capacity of a metallic lithium solid state battery (3860 mAh g−1), the 
low reduction potential (-3.040 V) and replacing the flammable liquid organic 
electrolyte all hold the potential for significant improvements in the safety, energy, and 
power densities so highly desired by industry.  

Extensive research into the solid electrolyte has yielded high Li+ conductivity (>10-4 S 
cm-1) oxides, polymers and sulphides close to liquid electrolyte performance.1,2 Of 
particular interest are the argyrodite-structured sulphides with the general formula 
Li6PS5X (X = Cl, Br, I). A significant challenge however is sulphide argyrodites exhibit 
stability issues with respect to metallic lithium. Recent investigations have however 
shown that the addition of fluoride may address these concerns by stabilising the 
anode-electrolyte interface.3 In this work we investigate the solid-state electrolyte 
formed from the argyrodite target composition Li6PS5F0.5Br0.5. Exhibiting a Li-ion 
conductivity of                     5 x10-5 S cm-1 (30°C) under no external pressure we 
observe that the inclusion of fluoride allows for the reduction and stabilisation of the 
lithium metal argyrodite interface thereby effecting achievable current densities.  
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Piezoelectric materials interconverting electrical and mechanical energy find 
applications in diverse areas as sensors, actuators, and high precision motors. Current 
state-of-the-art piezoelectric materials are made from lead-based ceramics, which 
pose significant environmental issues and precludes design of biocompatible devices. 
Recent progress in molecular and hybrid organic-inorganic piezoelectric materials 
have led to discovery of new materials with properties rivalling the lead-based 
ceramics, and with the additional prospects of being solution processable, flexible, and 
potentially biocompatible.1,2 However, conventional computational methods fail to 
predict their large piezoelectric response,3 and pertinent phase transitions to 
disordered, centrosymmetric phases appear near or above room temperature, which 
may hamper their practical applications. Thus, proper computational modelling of this 
materials class must include nanoscale effects for response properties, and entropic 
effects to phase stability.4 

Here, we present the development of an ab initio model for the ordering of dipolar 
molecules in the high-performance hybrid piezoelectric material, TMCMCdCl3 (TMCM 
= trimethylchloromethyl ammonia). Based on a model Hamiltonian fitted to density 
functional theory (DFT) data and Monte Carlo simulations, we predict and rationalise 
its order-disorder ferroelectric-to-paraelectric phase transition. We show that a model 
Hamiltonian based on internal energies calculated from DFT fails to quantitatively 
reproduce phase transition temperatures, whereas inclusion of vibrational free energy 
effects improves the agreement with experiment significantly. This highlights the 
importance of vibrational entropy in describing phase stability for a materials class 
seemingly driven by configurational entropy.5  

Besides prediction of phase stability, our model Hamiltonian also provide insights into 
the strong piezoelectric response, which can be attributed to easy formation of 
orientational defects and intergrowths. 

References 
1 Y.-M. You, W.-Q. Liao, D. Zhao et al., Science, 2017, 357, 306-309 
2 W.-Q. Liao, D. Zhao, Y.-Y. Tang et al., Science, 2019, 363, 1206–1210. 
3 P. S. Ghosh, S. Lisenkov and I. Ponomareva, Phys. Rev. Lett., 2020, 125, 207601 
4 K. Tolborg, J. Klarbring, A. Ganose and A. Walsh, RSC Digital Discovery, 2022, 1, 
586-595 
5 K. Li, Z.-G. Li, J. Xi et al., J. Am. Chem. Soc., 2022, 144, 816-823 
  



 

 

 



Electron-lattice interaction in antimony chalcogenide semiconductors 

Xinwei Wang 1, Alex M. Ganose 1, Seán R. Kavanagh 1,2, Aron Walsh 1 

 
1 Department of Materials, Imperial College London, UK  

2 Thomas Young Centre and Department of Chemistry, University College 
London, UK  

 

Abstract:  

Antimony chalcogenides (Sb2X3; X = S, Se) have emerged as promising earth-
abundant alternatives among thin-film photovoltaic compounds due to their significant 
electronic and optical advantages. Despite the rapidly increasing solar conversion 
efficiencies in Sb2X3 since their discovery, the record efficiencies (7.5% and 9.2% for 
Sb2S3 and Sb2Se3 solar cells, respectively1,2) are far from satisfactory and have 
stagnated for a few years. Among the factors limiting efficiencies, charge carrier 
dynamics play a vital role. However, whether the photoexcited carriers in Sb2X3 are 
intrinsically self-trapped or trapped at extrinsic defect sites is under debate3,4, and the 
theoretical study of carrier transport in Sb2X3 remains unexplored.  

 

In this work, building on our analysis of anisotropy in the Fermi surfaces5, the electron-
lattice interaction and carrier transport properties in Sb2X3 were investigated ab initio. 
Our results show that both Sb2S3 and Sb2Se3 have intermediate Fröhlich coupling 
constants (~2), large polaron radii (extend over more than one unit cell) and large 
mobilities (> 10 cm2/Vs at room temperature for both electrons and holes), indicating 
that electron and hole polarons prefer to delocalise rather than localise. Electron and 
hole polarons were also modelled by systematic first-principles calculations, which 
further confirm that large polarons instead of small polarons (i.e. self-trapped carriers) 
are more likely to form intrinsically in Sb2X3. 
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Lithium Lanthanum Zirconate (LLZO) has been of great interest for years as a 
potential candidate for all solid-state lithium ion batteries due to its promising lithium 
conductivity in the region of x10-4 S cm-1 [1]. Despite its promising lithium 
conductivity, a multitude of difficulties have been reported including but not limited to 
its sensitivity to moisture and ambient atmosphere. It has been reported that when 
exposed to the ambient atmosphere LLZO undergoes a multistep process to form a 
surface layer of Li2CO3 [2]. This layer is easily observable using raman 
spectroscopy, with Li2CO3 producing a characteristic peak at 1100 cm-1

 [3]. Because 
of this historically LLZO is handled in glove-boxes to prevent contact with air, but that 
doesn’t lend itself to mass manufacture. Utilising the thermal decomposition of 
Li2CO3 this work shows how significant Li2CO can be almost entirely removed with a 
thermal treatment. This thermal treatment on powder removes surface Li2CO3 which 
dramatically improves densification behaviour of the material. This work saw an 
increase in density from ~70% to ~90% of theoretical upon thermal treatment of the 
powder. The pellet was left to age in air for a week which caused a drop in electrical 
conductivity from 1.7x10-4 S cm-1 to 1.73x10-5 S cm-1. Raman spectroscopy showed 
that Li2CO3 had formed over the course of this week inhibiting the conductivity of Al-
LLZO.  Utilising a 900C thermal heat treatment under flowing nitrogen the formed 
Li2CO3 could be removed in its entirety returning the electrical properties back to a 
more desirable conductivity of 3.06x10-4 S cm-1. 
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Transparent conducting oxides have become ubiquitous in modern opto-electronics. 
However, the number of oxides that are transparent to visible light and have the 
metallic-like conductivity necessary for applications is limited to a handful of systems 
that have been known for the past 40 years. 

Here, we use hybrid density functional theory and a full defect chemistry analysis to 
demonstrate that ZnSb2O6 is an ideal transparent conducting oxide comprised of 
earth-abundant elements, and we identify gallium as the optimal dopant to yield high 
conductivity and transparency.[1] We simulate charge transport properties, such as 
electron mobility and scattering rates, using the AMSET code,[2] and calculate the 
electron affinity of ZnSb2O6 from first principles. 

To validate our computational predictions, we have synthesised both powder 
samples and single crystals of Ga-doped ZnSb2O6 which conclusively show 
behaviour consistent with a degenerate transparent conducting oxide. We calculate 
a transparent conductor figure of merit on par with industry standard Sn-doped 
In2O3.This powerful theory-experiment collaboration emphasises the rôle of defects 
and defect control in semiconductors, and demonstrates the possibility of a family of 
Sb(V)-containing oxides for transparent conducting oxide and power electronics 
applications. 
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Sintering is the process of forming a solid mass of material using heat and 

pressure without melting it completely to the liquid state. Particles or atoms in materials 

diffuse across particle boundaries and fuse together to form one piece during this 

process. Sintering is an integral step in the preparation of polycrystalline bulk inorganic 

materials from their loose powdered form, and it has been widely used to prepare 

inorganic-based thermoelectric materials. In this talk, the working principles of the 

spark plasma sintering method will be briefed, while the rationale behind its great 

popularity in the thermoelectric material research field will be discussed. Various 

techniques, such as modifications to the sintering conditions, introduction of liquid-

phase additives, and texture engineering, will be reviewed. Their effects on the grain 

orientation, microstructural defects, and thermoelectric performance of the resulting 

pellet materials will also be discussed. A cheaper and less energy-intensive alternative 

to the spark plasma sintering method for densifying inorganic material powders into 

pellets will be mentioned.  
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The past decade has witnessed an explosion of interest in the research field of HOIPs, 
whose general chemical formula is ABX3, in which A is a monovalent organic cation, 
B is a metal ion (typically Pb), and X is an anion six-coordinated with B1. Recently, 
research has tended to focus on nontoxic lead-free perovskites for environmental 
viability, where the traditional halide X-site ligands are replaced by functional organic 
bridging linkers such as dicyanamide2, formate3 and thiocyanate4. These materials are 
thus more akin to metal-organic frameworks (MOFs) than their parent perovskite 
compounds. Amongst them, it has been found that dicyanamide-based HOIPs can 
melt and form melt-quenched glasses that show intriguing thermal and electrical 
conductivities2. Additionally, a novel class of HOIPs with two-dimensional (2D) A2BX4 
structures are known for their enhanced stability. Until now, most research in HOIPs 
has concentrated on improving their optoelectronic properties. Investigation into their 
thermal properties is, however, also of high significance, offering opportunities to 
develop structure-property relationships and improve applicability. 
Formate and thiocyanate were individually incorporated into three-dimensional (3D) 
HOIPs as an X-site anion, an 2D HOIPs was constructed using (S)-(-)-1-(1-
naphthyl)ethylamine as an A-site cation, and their components and phase transitions 
in response to temperature are studied herein (Figure 1). More comprehensively, it is 
evident that formate-based HOIPs, i.e. [Am]Mn(HCOO)3 (Am = imidazolium and 
formamidinium) exhibit a two-step mass loss with increasing temperature, and the 
resulting phase at each step is calculated. For the thiocyanate-based HOIPs 
[Am]x{Ni[Bi(SCN)6]} (Am = potassium, ammonium and guanidinium), the effect of 
different A-site cations on thermal properties is studied and impurities are identified 
through DSC and variable-temperature XRD characterization. Moreover, the melting 
and glass-forming process of 2D dimensional S-NPB perovskites are discussed. This 
research may contribute to understanding the thermal and glass-forming behaviours 
of HOIPs with various A-site cations and X-site anions. 

 

Figure 1 TOC for research. 
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Semiconductor surfaces play a central role in modern technology related to catalysis, 
electronics, and energy applications. The most widespread approach to study 
surfaces with density-functional theory calculations is to use slab geometries with 
periodic boundary conditions. A common strategy employed to avoid artificial charge 
transfer from one side of the slab to another, is to passivate the dangling bonds at its 
backside. Using the examples of wurtzite polar and semipolar surfaces, we 
demonstrate that the conventional passivation scheme using pseudo-H atoms fails to 
describe the electronic structure of low-symmetry semiconductors. We, therefore, 
developed an improved passivation method [npj Comp. Mater. 7, 58 (2021)/PR Mater. 
5, 044605 (2021)] that takes the polarization effect and the concept of surface 
reconstructions into account. It accurately describes surface electronic properties and 
enables computationally efficient surface energy calculations. Using this novel 
approach we have studied the orientation-dependent thermodynamic stability and 
electronic properties of GaN surfaces. The resulting Wulff shape provides insight into 
how to avoid facet-related defects such as V-pits hampering GaN-based electronics. 

 

  



Defect rocksalt structures in the La-Na-N system  

Yao Yuan,1 Simon D. Kloß2 and J. Paul Attfield.1 
1 Centre for Science at Extreme Conditions and School of Chemistry, University of 

Edinburgh, Edinburgh, UK, 
2 Department of Chemistry, Ludwig-Maximilians-Universität München, Munich, 

Germany. 

 

Nitride materials have important applications in ceramics, optoelectronics, and 
phosphors. However synthesis of solid nitrides, and in particular those with high 
nitrogen contents, is challenging because of the stability and inertness of the N2 
molecule. Sodium azide (NaN3) is a versatile nitrogen source and it has recently been 
shown that high pressure high temperature (HPHT) reactions using NaN3 can lead to 
the synthesis of stoichiometric ternary nitrides of transition metals in high oxidation 
states such as Ca4FeN4, Ca2NiN2, and LaReN3.1-3 Decomposition of NaN3 results both 
in a high nitrogen activity and metallic Na to act as a flux, but there is the possibility 
that Na could be incorporated into a product phase. Although no Na was found within 
the latter materials, we have investigated this possibility through HPHT reactions of 
NaN3 with a simple nitride, LaN, to discover whether ternary Na-containing products 
can be formed. 

Reactions between lanthanum nitride (LaN) and sodium azide (NaN3) at 800 °C under 
8 GPa pressure have led to the discovery of two defect rocksalt phases which are the 
first reported ternaries in the La-Na-N system. One phase is La1-xNa3xN with vacancies 
at octahedral La sites and interstitial tetrahedral Na cations. This phase has a 
tetragonally distorted rocksalt structure (space group I4/mmm, a = 3.8704(2) and c = 
5.2098(3) Å for x = 0.10) and the distortion decreases with increasing Na content, 
giving a cubic Fm m phase (a = 5.3055(2) Å) for nominal x = 0.25. The latter 
composition coexists with another cubic Fm m phase (a = 5.1561 (5) Å) that is based 
on a rocksalt type form of Na3N with N-vacancies, ‘NaN1/3’, stabilised by a small 
amount of La at interstitial sites; NaLayN(1+3y)/3 with y < 1%. These initial investigations 
reveal that the high pressure La-Na-N phase diagram may be rich in defect rocksalt 
type materials. 
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There is currently a great demand for energy worldwide, driven by the growth of the 
world's population. Therefore, it is necessary to search for new energy sources. One 
of them is dye-sensitized solar cells, where organic precursors like phthalocyanines 
play an important role. Phthalocyanines (Pcs) with divalent metals such as Zinc have 
been widely used, however, Pcs with tetravalent metals have been less studied. 
Hence, Zn and Si Pcs with periplanar and axial substituents, respectively, (Figure 1) 
have been designed.  
Donor groups (hydroxyl, primary amines, secondary amines, amide, and ester) and 
different anchoring groups (carboxyl, anhydrous and catechol), shown in Figure 1
were evaluated. These modifications are produced to be evaluated for possible 
application in dye-sensitized solar cells. The effect of these modifications on the 
electronic, optical, and photovoltaic properties in each of the 66 molecules has been 
investigated from a theoretical point of view. Fully optimized molecular structures at 
the B3LYP/6-31G(d,p) level of theory with Grimme’s dispersion show non-planar 
systems suggesting a lower tendency to aggregation of phthalocyanines. According 
to the Natural bond orbital (NBO) analysis, it was found an intramolecular charge 
transfer from carbons to indole nitrogen and azo bridges, in addition, it was evidenced 
that the indole nitrogen has less charge to directly bonded to the metal. Electrostatic 
potential maps show a concentration of electrons in the substituent groups, thus 
showing the donor effect on the system. In addition, the optical properties showed the 
characteristic bands, an intense band Q close to 700 nm and the B band around 350 
nm. Compound 9 with silicon and the anhydrous anchoring group is the one that 
presents a greater wavelength. In the photovoltaics properties, it was also found that 
all structures have ground state oxidation potential (GSOP) and excited state oxidation 
potential (ESOP) values bigger than the redox potential of the electrolyte and 
conduction band of the semiconductor (TiO2), respectively, suggesting a better 
injection of electrons between dye and semiconductor. Considering the electron 
injection, ZnPc exhibit higher values compared to SiPc, with primary amine and 
secondary amine substituents.  

Figure 1. Molecular structure of the systems studied. 
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As a clean fuel with high calorific value, hydrogen produced from sustainable 
technologies is thought to alleviate energy crisis and global warming issues. Hydrogen 
evolution reaction (HER) is one of the most effective means to produce hydrogen. But 
it usually suffers from the lack of the novel design concept of high-efficiency catalysts, 
especially, in neutral condition. Herein we proposed an orbital-orientation-based 
theoretical design concept for the efficient single-atom HER catalysts. Through 
screening 14 catalysts consisting of the transition metal single-atom doped into TiO2 
(TM1@TiO2) nanosheets, we demonstrate that the d orbital orientation of TM1-Ti1 
atomic pairs plays a key role in the regulation of catalytic activities. Among them, 
Pd1@TiO2 is screened out as an excellent HER catalyst in neutral media, where the 
Pd-dx2 y2 orbital tends to be exposed due to existence of Pd1-Ti1 atomic pair and thus 
promotes OH desorption and the overall hydrogen production. This work provides a 
new insight through tailoring high-performance orbital catalysts and sheds an orbital- 
level understanding of HER mechanism. 

References 
1 Z. Fengchu, X. Weiwei, Z. Na, L. Sha and W. Xi, Appl. Surf. Sci., 2022, 598, 153873. 
2 Y. Ding, L. Fei, Z. Fengchu, L. Shoujie, Z. Bo, G. Denglei, W. Xi, Y. Jiannian, Angew. 
Chem. Int. Ed., 2020, 59, 15855-15859. 

  



Magnetoelectric coupling of rare-earth orthotantalates 

X. Zhang1, N.D. Kelly2, C. Liu1, S.E Dutton1, S.S. Saxena1 
1 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom 

2 Department of Chemistry, University of Oxford, Oxford, United Kingdom 

 

Quantum multiferroic materials form a new and emerging area of physics where one 
expects to find emergence of novel quantum phases induced by subtle coupling 
between spin and charge degrees of freedom at low temperatures [1-2]. Experimental 
study of such phenomena is limited by the lack of model materials where magnetism 
and dielectric properties can be tuned using magnetic fields at low temperatures.  

 

In a recent breakthrough, we found that TbTaO4 exhibits enhancement in dielectric 
response below 2 K on application of magnetic field, indicating magnetoelectric 
coupling. Previously, using susceptibility and heat capacity measurements we showed 
that TbTaO4 orders at TN = 2.25 K; powder neutron diffraction (PND) was used to solve 
the magnetic structure, which is A-type antiferromagnetic [3]. 

These measurements were conducted on 
polycrystalline M-TbTaO4. These samples were 
synthesised by a solid-state reaction method at 
1500 ⁰C. The zero-field magnetic heat capacity 
showed a sharp λ-type transition, typical of three-
dimensional antiferromagnetic long-range 
ordering, at TN = 2.25 K, [3]. Variable-
temperature and variable-field PND experiments 
were carried out at the Institut Laue-Langevin 
and Paul Scherrer Institute respectively. Rietveld 
refinement revealed a commensurate k = 0 
magnetic structure with Tb3+ spins parallel to the 
a-axis at 1.5K, Fig. 2. The onset of ordering is 
consistent with the heat capacity data and almost 
the full Tb moment of 9 μB/formula unit is 
recovered by 1.5 K [3].  With increasing magnetic 
field, the Antiferromagnetically ordered Tb3+ 
spins are initially canted away from the a-axis 
and then gradually align towards the a-axis, resulting in onset of Ferromagnetic order. 
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Fig. 1a: Increase of εr with 
applied field below the magnetic 
transition temperature of 2.25 K.  

Fig. 1b: Susceptibility curves in 
applied field. Transformation 
from AFM to FM with increasing 
field

Fig. 2: Magnetic structure of TbTaO4 
showing the antiferromagnetic 
nearest-neighbour interactions [3]. 
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In the family of MOFs, the zirconium material UiO-66 is known for its exceptional 
stability.1 The introduction of cerium into UiO-66 may give different properties, such 
as the redox activity of Ce4+ that can be used for catalysis.2 

In this work, mixed-metal cerium-zirconium UiO-66 samples with different Ce/Zr ratios 
were synthesised by rapid reaction using DMF/ H2O as solvents. The Ce/Zr ratios 
were controlled by the amount of precursors used. The materials were studied by 
powder X-ray diffraction (PXRD), thermogravimetric analyses (TGA) and inductively 
coupled plasma optical emission spectrometry (ICP-OES) to study their structures 
and actual Ce/Zr ratio.  

Synthesis of mixed-metal cerium-zirconium UiO-66 was also studied by the control of 
reaction time and the use of different modulators. By comparing the expected and the 
real Ce/Zr ratio of the MOF, it is found that the Ce content is always lower than 
expected. This corresponds to the preferred formation of the (CeZr5)(OH)6O4 (17 % 
Ce) cluster, which is apparently seen from a wide intended range of Ce/Zr ratio used 
in synthesis. In this work, a study using synchrotron XAFS is reported to provide 
quantification of the average Ce oxidation state (Ce LIII edge) and the Ce and Zr 
neighbours and bond distances (Ce, Zr K-edge). By studying the Ce and Zr K-edge 
on the MOF and the synthesis solution, it is found that the formation of Ce3+ in solution 
limits the uptake of Ce into the UiO-66 structure.  

The Ce/Zr-UiO-66 materials were then used as precursors to prepare CeO2-ZrO2 solid 
solutions by controlled thermal decomposition which resulted in the capability of 
maintaining higher surface area from the porosity of MOF precursors. By providing 
size control and well dispersion for the confined nanoparticles, UiO-66(Ce, Zr) was 
also used to encapsulate metal nanoparticles.3 Au nanoparticles immobilised within 
UiO-66 (Ce) synthesised by a double solvent method are studied and compared. 
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Multi-principal-component alloys have attracted great interest as a novel paradigm in 
alloy design, with often unique properties and a vast compositional space auspicious 
for materials discovery. High entropy alloys (HEAs) belong to this class and are being 
investigated for prospective nuclear applications with reported superior mechanical 
properties including high temperature strength and stability compared to conventional 
alloys. 

 

Here we calculate high temperature properties of the multicomponent body-centred 
low-activation HEA TaVCrW with DFT accuracy using a modified version of the two-
stage up-sampled thermodynamic integration using Langevin dynamics (TU-TILD) 
approach. The proposed approach is based on density-functional theory (DFT) and 
thermodynamic integration combined with machine-learning based interatomic 
models, and in the present work improves the computational efficiency of the standard 
TU-TILD method by a factor of 4. The described methodology is also relevant to 
potential applications of HEAs in nuclear energy, and our modified formalism is well 
positioned for thermodynamic property prediction and high-throughput screening of 
multi-principal component alloys more generally. The machine learning potentials that 
were fitted using ab initio MD are now being tested for their applicability in radiation 
damage studies of HEAs. The outcome of this research will be reported at the meeting. 

 

 


